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PREFACE 


In preparing thin book, the author has had in mind particularly 
the needs of those students who have at their disposal only otu' 
year to (Uwote to the study of electricity and magn<‘tisni in addi- 
tion to the work covered in an eleinentary course in gcmeral 
physics. It has l)eon liis aim to include, in addition to tlu' usual 
woi’k in elecitrical measurements, a sufficient study of the dis- 
charge of electricity through gases, radio ae.tivity, and thermionic^s 
to enable those who cannot pursues special course's to gain an 
idea of the fundamentals of these newer brancJies. 

The subject matter covers the work given to third ycnii’ students 
in electrical engineering at the Univc'rsity of Wisconsin. Follow- 
ing the elementary work of the first nine chapters, a number of 
the complex bridge metliods for precise', measurements of induc- 
tance and cairacitancei are' diseuisse'el, te>gether with descriptions of 
the varie)us seiurces e)f alte'rnating currents which have been 
eleve'.leiped in recent years for energizing bridge circuits, A elis- 
euission eif the ino)*e modern instruments feir eletecting the balance' 
eiemditiein eif lirielges, teigether with their inelivielual merits, has 
been includeel. This is preceded by an elementary stuely of 
“transients,” in which the funelamontal phenomena of reae'tane'C', 
nocoHsary for an unelerstanding of bridge methods, are set feirth. 

The electrein tube, because of the multiplicity of its uses, fmels 
many applications, not only in the art of radio communie'-ation, 
but also in engineering practice and in the general researish 
laboratory. Clonsidorable space has been devoted to this device, 
as well as to the fundamentals of the electron theory and the 
passage of electricity through gases. 

The author is a firm believer in the laboratory method of 
instruction, and eacli exercise is preceded by a discussion of the 

iuvnlx/nrl HntTifi'ont. t.n nruvUIn hIiuIaiO. In nnflnrHt.nnrl 
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formal lectures, although at tlu'. ])resenl iimt' tlu' ^Yri{.('l• is (h'vot.- 
ing one hour per week to a l(‘ctunM‘(m(('r(Uu'(‘. Mx{)eri<‘uc<' 
shows that the average student p('rfoi’ms fourlt't'ii oi thest* 
exercises per semester and the topi(is lu'nnvith presi'uted aeeord- 
ingly permit of some little choicun 
In selecting material, advantage lias b('('u tak(‘n not only of l lu' 
original sources, but also of the standard t('xls in (he special 
fields represented. Being a (lolhad.ion of laboratory exereisi's, 
this book makes no claim to origiiudil.y of llu' subject matter 
included, and the author hereby aeknowh'dgc's his imh'btedness 
to the many books and special articU's ri'b'rred (t) in the foot- 
notes throughout the. text. Il('. is indc'bl.c'd, also, Ui (lit' Lt'cds- 
Northrup Company, J. (b Biddlt' Company, thu'cn t'e Company, 
General Radio Company, Tinsley & Company, and other manu- 
facturers of electrical apparatus for suiiplying t hi' cuts which have 
been used. In particular, h(^ wishes (.o ('xpress his gratitude to 
Dr. H. B. Wahlin and L. B. Ntdth'ton, insli'ut'torH in idiysles at. 
the University of Wisconsin, who have ri'ad tlu' entire manu- 
script and made many vauable suggestions during its 
preparation. 

M. M. 'rmuiY. 

University of Wisconsin, 

Madison, Wih. 

Juno, 1922 . 


PuMPAtau 


CONTENTS 


Page 

V 


('IlAP'ri'lR I.—Gicnkiul DiiiEcmoNH— K eectuicae Unitr 1 

Pr(ii)aiTition-»“(’()niu!c(4onH----KoyH mul Switchoa— IlhoostatH-— 
tSvvit.ch Board— Garo of ApparaUia — Nol,ol)ooks — lOlcctroslatic 
HyHt,om of (Tnits— lOlocdroinagnolic, Hyaicin of IJnilH — Practical 
SyHl.cui of UnitH —Raiioa of the ElooLrioal Units— Rationalized 
Practical System of Units. 

GIIAPTUR 11.— (Ui.VANOMiOTEriB 17 

’’rhomson Galvanomotor—D’ Arson val Galvanomcttir — Galvano- 
incvtcr Stmaitivity— Idguro of Merit — Halliatic Galvanomct.cr — 
Gonatant; of Halliatic Galvanometer — Flux Meter — GheokiiiK 
Devku^a, 

GHAPTFR 111.— “MiflAHUUiaMENT op REHrsTANcufl 35 

Ohm’s Law — Sp(\cific RcHistance — Temperature Coefficient of 
RcHistance— WluiatHt.one Bridge— McaHurernent of Low llcHistance 
■—Measurement of High ReHistance— Internal Resistance of Ge.lls — 
Battery 'I’est.. 

G.lIAP'ri'lR IV.— Meahukioment op Potbntiae Dippeuencb 55 

l)(wcripti(m of Potentiometer — Direct .Reading Potentiometer-— 
LcH^dH and Northrop Polenliometer— Wolff Potentiometor'^ — 
'rinHley Potentiometer-— Weston Standard (’ell-— Volt Box. 

GllAPTlOR V.—MMAKiiHKMiaNT OP Guuuent 70 

Kelvin’s Balaneo— -Siemen’a lOIectroflynamomeler-— Ammelers and 
Voltmeters— •Adjustment of Ammeters and Volt inciters—Meastire- 
rnent of Gurrent by the Potentiometer. 

GIlAP'riOR VI. — Mkahitkimknt OP PowHK 82 

Wattmeters, Types of-— Gompensation of Wattnveders— Galibra- 
tion of an Indicating Wattmeter. 

GIIAP'I'IOR VII.—Mkahuubment op Cai'Acitanck 8(i 

GojidenHera-— Grouping of GondenBors-— Standard Gondensers-- 
Gomparison of Condensers— -Flemming and Clinton (Commutator. 



of Inductancc—Mousurolucui. of S('lf-itHhif((Uici' MoaHtirotiiotil 
of Mutal Inductance. 

CHAPTEK X.— I'^nEMENTAKY TuaNHIMNT I’lllCNOMRKA V2i\ 

Time Constant— Circuit ContniniuK HoHiHlaiico and liuliKdiiun- 
Circuit Containing RcHistanco. and Ca])acilance (’ircuii coutaiti- 
ing Resistance, Inducl.anco and ('ui)at’ilati(*t' -Noinmcillalorv 
Discharge of a Condenser— Aperiodic DiHcliarge of a ( ’oiuicuHer 
Oscillatory Discharge of a (\)ndenHt'r Djgarilluuii' Deert'iiit'ul 
Harmonic E. M. E. acting on a Cinniil Coniaiiiitig HcaiMtaiHa*, 

Inductance, and Capacilance Vector DiugraiuH Serioa 

Rosonauco — Parallel ReHonaiice-'-M('aHur(’nieril of Induetaiice 
and Capacitance by RcHOuance— Effective Value of an Alfeninting 
Current— Power Consumed by a C'ireaiii Traveled by an 
Alternating Current. 

CHAPTER XL— Houhokh of Eu«'Tiu)M<mv«! Koucf. anu DKTKftt.Nti 

Dbvicbh fok BmnoK MF/riiouH . I ft I 

Sechometor — Wire Interrupt, er--Molor (leuerator Mierttplinne 
Hummer — Audio Oscillator—Vreeland ()Hallai«>r -Electron 'PuIk* 
Oscillator — Teleithoiuj Receiver— Thermo (iidvniiometer Vibra- 
tion Galvanometer — .Mleruatiug Current (lalvanomoier. 

CHAPTER XII. — Autkiinatino Cuuuknt Hiiiiuikk UW 

General Considerations—Maxweirs Bridge - Auderwm'H Mndiliea ■ 
tion of Maxwell’s Bridge— Wtroudo mid Oalea' Bridge 'Prow- 
bridge’s Method — IIoydweiller'B Network — iieiivii'«itle'a Bridge 
Maxwell’s Bridge for Mutual Induclauce-- Mutual Itnlm'fanee 
Bridge — Frequency Bridge— -CireuitH of Variable Impednnee 
Motional Impedance of a Telephone Rt'ceivi'r Power b’aetor 
and Capacitance of CondenHora—UeHiHlanee of Eleeirolylea. 

CHAPTER Xlll. — CONIUKTION of EuKOTUItTI'Y TtUUUUiJI (<AMr.H IPK 
Electrons — Conductivity of Gases --Hlnudure of the Atoni"- loni» 
zation Current — Resistance of a Disaliarge 'Pulav— fMientmunm tif 
the Discharge Tube-Theory of the Disoharge — Fitdd Htrengtli at 
Various Points in the Discharge— Cathode Itayw Velocity and 
Ratio of the Charge to the Maas of an Elect rtm Uaclumctive 
yubstancos— Alpha Rays— Bela Rays- --(Uunma Haya— Hadio 
active Transforraatious—lonization by Radio Active Hnhwlanew. 

CHAPTER XIV. — Elkothon Tubkh ... 2 in 

Free Electrons — Electron Emission— Two Klejiuml Electron 'fiilK* 
Voltage Saturation— Hfiacc Charge~Clharaotori«lic« of the 
Two Element Electron Tubo—Threo Element BH^tron TidM*- 
Static Characteristics — AinpUfioation I'’actor~Inlenml Hwistanee 
of Three Element Blloctron d\ibe— 'Tuiigar Rectifier. 



('()NTm7\S ix 

(IIIAI'TI'IH. XV.- -PnoTOMKTOU and OrncAr, PYitOMiOTKii 2.S<.) 

liilt'tiHily of HiuIinlion—PhotoinoU'ra — •Luninicr-Brocllmn Photo- 
motcr Sdrtly of IncanclcHci’nl L!Utii)n-~(5oiu‘rul Principle's of 
IPulinlioii— -Hlnck Body Idinuicc— Distribution of binorpiy in the 
Spi'ct ruin—Applicatinns 1.o Pyro met x-y— Optical Pyroinotor. 

Ai'I'ioniux 252 

( 'iilculiilion of Self Imluetiinec'— (’nlculation of ( 'aimcitance. 

I NOKX 259 




LIST OP EXPERIMENTS 

1. Specific Resistance of Materials 42 

2. Temperature Coeflacient of Resistance 45 

3. Insulation Resistance by Leakage 48 

4. Internal Resistance of Cells by Condenser Method 52 

5. Battery Test 53 

6. Comparison of E.M.F. of Cells by the Potentiometer 66 

7. Calibration of a Voltmeter by the Potentiometer and Volt Box. ... 68 

8. Calibration of an Electrodynamometer 73 

9. Electrical Adjustment of an Ammeter and a Voltmeter 77 

10. Calibration of an Ammeter by the Potentiometer and Standard 

Resistance 80 

11. Calibration of a Wattmeter 84 

12. Comparison of Capacitances by the Bridge Method 92 

13. Capacitance by the Fleming and Clinton Method 93 

14. Magnetization Curves by Hopkinson’s Bar and Yoke 108 

15. Magnetization Curves by the Rowland Ring Method 113 

16. Hysteresis Curves 114 

17. Comparison of Self Inductances by the Bridge Method 122 

18. Mutual Inductance by Carey-Foster’s Method 124 

19. Measurement of Inductance and Capacitance by Resonance 148 

20. Maxwell’s Bridge for Self Inductance 171 

21. Stroude and Cate’s Bridge for Self Inductance 174 

22. Trowbridge’s Method for Self Inductance 177 

23. Heydweiller’s Method for Mutual Inductance 179 

24. Heaviside’s Bridge for Self Inductance 182 

25. Maxwell’s Bridge for Mutual Inductance 184 

26. Comparison of Mutual Inductances 185 

27. Bridge Method for Measuring Frequency 187 

28. Motional Impedance of a Telephone Receiver 191 

29. Phase Difference and Capacitance of a Condenser 193 

30. Resistance of Electrolytes 197 

31. Resistance of a Discharge Tube 202 

32. Variation of Field Strength along the Discharge 207 

33. Measurement of — and Velocity of an Electron 211 

m 

34. Ionization by Radio Active Substances 216 

35. Characteristics of the Two Element Electron Tube 224 

36. Static Characteristics of a Three Element Electron Tube 226 

37. Amplification Factor of a Three Element Electron Tube 231 

38. Plate-Filament Resistance of a Three Element Electron Tube 235 

39. Study of the Tungar Rectifier 237 

40. Study of Incandescent Lamps 243 

41. The Optical Pyrometer 250 




ADVANCED LABORATORY PRACTICE 


IN 

ELECTRICITY AND MAGNETISM 


C^HAPTI'^ll I 

GENERAL DIRECTIONS -ELECTRICAL UNITS 

1. Preparation. — If one is to make the bc'st use of his time in 
the laboratory, he must understand thoroughly what is to be 
done and then proceed in a systematic manner to do it. This 
can be accomplished only when pr('i)ara1,ion for tlic task has 
been made before taking uj) the (^xpcnimental work. AHsign- 
ments accordingly will Ix'. madc^ on<^ week in advance, and tlu' 
student is exp(Hit(!d to enter the laboratory with the following 
preparation : 

1. An undc’irstanding of the theory of th(^ (^xpin'irnent. 

2. A knowledge of the working prineiplcH of the irwtrumentH 
to be used. 

3. A schedule ac'.eording io whicli the data arc to he* taken. 
In order to facilitate' the work of tlu' first few periotls, the follow- 
ing general directions should bt' cart^fully n'atl: 

2. Connections. A larger portion of the trouble in p^ndorming 
electrical ineasurements arises from imi)(n’feet eonneetiona. All 
instruments, to which win's an' to be attaclu'd, are provided with 
binding posts. To sc'cun' good contact, remove the iriHulation 
about an inch from the ('nd of tin' win', scrape it clean, wrap it 
two-thirds around tlui binding post, and then screw down the 
nut. If tlic. wir(' is too short to rcaeli Ix'tween tlu' jaunts dcsirt»d, 
join two or more wires with comu'etora, having first scrajKHl the 
ends clean. Never join wires by twisting thi'ir ends togi'thcr, 
as connections of this sort, unless soldered, are entirely unreliable. 
Do not coil wires about a rod or a pencil, since then they cannot 
be used again. C^ut wirt's to the j)rt)jH‘r length, thus avoiding a 
complicated tangle difficult to trace, which, through leaku, 
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furnishes a source of constant troubh^. Never allow one wire to 
rest upon another, even though both are covered with insulation. 

Before attempting a set-up, make a rough sketc.h of connec- 
tions, arranging the apparatus in a eompae.t and orderly manner. 
This will be of great service later in c.lu'okiivg connections and 
locating faults. In many cases, espcH'.ially in e.oinplieatc^d net 
works, a little forethought in (he arrang('ment will save much 
time and inconvenience in the performance' of the test. Always 
make the connection with tlu'. source of curre'iit supply last, 
having first assured yourself as (.o tlu'. c.orre'cl.iu'ss of (tu^ c.onnec- 
tions by comparison with the sketch, or by (u)ns\dta(iou with your 
instructor. As a further precaution, close tlu': main switch at 
first only an instant, opening it at onc.e. to hv.v. if (.here are any 
indications of a short circuit. This is especially important where 
the source is a dynamo or a storage bjitl.ery. 

3. Keys and Switches. — Always opc'n and close a switch 
quickly, to avoid burning it at the point of (contact. If tho 



circuit includes mercury cups and connectiug links, it should bo 
broken by means of a knife switch, not l)y removing the link, as 
mercury is especially likely to are. Ordinary coniacd. keys sliould 
be used only where a small current is to be carried, aJul where 
variations in the resistance of the circuit introduee. no sewious 
error; as, for example, the galvanometer circuit of a Wheatstone 
bridge. 

The device generally employed for reversing the current 


4. Rheostats. — A rheostat is a variable roaistanco capable^ of 
carrying considerable current. It is uacal primarily aa a cont rol- 
ling de’^dee and its value, in general, lUK'd not be ac(?ura(ely 
known. When connected in seri(^H with a source of (‘Ic'ctrittal 
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1,, IUuwimIhI with lixiMl 

Huy cinniil may be varied ami 
biought to any desired value, wilhiii eerlain dihniti* liniilH, bv 
changing the resistaiu^e of (he rlieoslat. Since' tiu* com 

sumed by a rheostat always appears in (In' form of heat, (lit' 
current oarrying c.apaeity for a given ri'niKtuncc depemlH iimui 

thef ‘’l‘f<>Htiits are in use ami only a fmv of 

mustiatcs 0(10 Uial, (« fr,.,|,„.nlly ri.i- c.lniiv.-lv 

larg(j cummtH. It. ooi,.HiHl« „r a ,uii„|„.,. „f 

of a thm, 1,1,0,, to K,vo ns I,,,., i..,.,!,,,;,,,, ,,, 

iair wiu, ui'ii: ••...■-.M-.i 

tops, a faiily amooUi vanatio,, i„ „„„■ Ih- 



are connected to each end of the win', and as tiu'; sliding; contact i,s 
moved along, the resistance between it and one end of (lu' 
changes from zero to a maxiimun. VVirc^s of various size's are^ 
frequently wound on the same tube thus giving two or more 
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ranges for one instrument. For carrying large' eiirn'iits, tiu' ends 
of the tube are closed and cooling wab'.r is passi'd through. 
Such rheostats are generally wound with a ribbon to im])rov(‘ tlu^ 
thermal contact between the wire and tube. The ligtii'c'. shows 
a high resistance instrument, which may also be uhocI as a poten- 
tial divider. If the E.M.F. to be divided is connected across the 
end binding posts, any desired fraction of this voltage may bo 
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obtained by “picking off” between one end and the slider, and 
moving the latter back and forth. 

Another device for controlling current makes use of the fact 
that the resistance between two carbon surfaces varies with the 
pressure. An instrument of this sort is shown in Fig. 4. It 
consists of series of rectangular carbon plates placed in a trough 
and arranged in such a wav that thev can be subieeted varin hlA 






HiiK'o tho toiiHioii chaug(’H with. varintioiiH of the temperature of 
both th(^ c.arbon t)lateH ami metal loart-s. 

6. Switch Board. A HvvU.c.h board in a n(a;oHsary adjunct to 
any electrical laboratory and in msed to diHtril)uto electrical 
povv(U’ of different typcw and voltage to the varioii.s working cir- 
cuitH of the laboratory, and to conmu^t i.ht' difftn-ent circuits with 
one another. It conHists of a i)an(d of insulating material, usu- 
ally marble, on which is moulded a wnies of pairs of sockets. 
The various laboratory and powt'i* circuits arc^ joined to these 
sockets on the back of tho board and connc\ctions between them 
are made at tho front by means of ik'.xible connectors, often called 
“jumpers,” to the ends of which arc attached plugs which fit 
snugly into tho sockets. Power circuits are distinguished by the 
word “Volts.” With tho exception of the A.(!. circuits, each 
terminal is labeled plus or minus. If, for example, 10 volts 
are desired on circuit 91, connect the positive of a 10 volt set 
with the positive of 91, and similarly for tho negative, when the 
polarity at tho laboratory end will be found as iiidieatocl. If 
some voltage is desired, o.g., 10 volts, for which there is no separate 
set, (•.onni'c.t two or more sets in sories, joining plus to minus as 
though connecting cells on a table; then, considering the group 
as a single' s('t, connect, to tlve laboratory terminals as above. If 
a c'urn'rd. largc'r than the normal rated capacity of the storage 
battnry is desin'tl, use' tho. dynamo or connect in parallel two or 
mort'. W'.tri of etiual voltage'. 'Te) ele) the latter, join all the positive 
te'.rininals, similarly the' ne'gjitive's, anel then connect to the labo- 
rate)ry {e'nninals as abe)ve'. He'fe)re'. making switch board connec- 
tions, be^ sure' (hat (he' ehreuiit Hwitedi in the laboratory is open, 
(’otine'e'l. the' “eie-ael” e'liels first, anel, be'fe)re pushing in the final 
plug closing the' cireuiit, (.jq) it cautie)usly against tho, socket, 
(juie'kly withdrawieig it. If a spark is se'on, some error in connec- 
tie)n has beeui made' wliich must l)e le)e!ated bevfore the circuit is 
cleweel. Ne*ve'r voniwri in j)aralle^l on a battery with some one 
else without first obtaining his })e'rmisHion. 

6. Car© of Apparatus. ICle'e'lrie'al apparatus is delicate and 
expe'nsive, and it. is m'e'C'.'^sary to preie'e'e'el with the utmost caution. 
If an inKtrume'ut is ])re)vide'd with a shunt, use the smallest 
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reached. If an instrument fails to work, do not replace it in 
the case and get another, but report at once to the instructor. 
Resistance boxes are most frequently injured by carrying too 
large currents. Before closing the main switch, look over the 
connections and make a rough calculation of the current that will 
flow in each box. In no case should the power consumed by a 
single coil, given by PR, be more than four watts. Plugs should 
be seated by a gentle pressure, accompanied by a twisting motion, 
heavy pressure being unnecessary. 

Never move galvanometers from one place to another without 
first making sure that the weight of the moving system has Ix'.en 
removed from the suspension by means of the arrevstnumt which 
is always provided. Standard colls should never b(‘ tipi)(Hl up for 
purposes of inspection or otherwise, and should not b(^ uscxl iis a 
source of current, but merely for balancing potentials; and ev(ui 
here, a large series resistance should at first be iiKiliuhnl and cut 
out as a balance is approached. Ammeters are instruments for 
measuring the total current flowing, and should be connected in 
scries with the circuit, analogous to a water m(‘ter. They are 
most frequently injured by the passage of too large currents. 
If the arrangement of the apparatus is not such that the current 
can approximately be calculated before tla^ circuit is closcul, a 
sufficiently large rheostat should be included and cautiously cut 
out, the instrument being watchetl in the; nuuintime. Voltnu^ters 
are electrical pressure gauges, indicating the diffcu’cmce of poten- 
tial between the points to which their terminals are attac.hed, and 
are accordingly connected in parallel with the circuit. Most 
voltmeters are provided with two scales; and in such cas(!s, one 
should use the larger first, transferring to the smaller mu', if the 
voltage is found to be less than the lower full scale reading. 
Before leaving the laboratory, return all apparatus to its proper 
place in the cases. Wires less than a foot long should be thrown 
in the waste box, and the others returned to their hooks in the 
wire cabinet. Switch board connectors should be pulled and 
returned to the proper hooks. Leave the laboratory as tidy a's 
you found it. 
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3. Make a sketch (not a picture) including all instruments, 
resistance boxes, switches, etc., which will show the actual path 
of the current. (Use a ruler and dividers.) 

4. Give the theory of the experiment as fully as possible, 
deriving all formulae used. 

5. Outline briefly the method of procedure, mentioning special 
precautions to be taken and difficulties to be overcome. 

6. Tabulate your data, arranging it in compact form. State 
the units in which your results are expressed. 

7. Plot curves showing your results graphically, using as 
ordinates the dependent variable. Choose scales such that the 
curves will cover as nearly as possible the entire sheet, labeling 
axes and putting the scale along each. Draw in a smooth curve, 
striking an average between outstanding points. 

8. Give a brief discussion of ixisults, including (estimates of 
accuracy and sources of (n’ror. 

9. Answer all (piestions asked under special directions at the 
end of each experiment. 

ELECTRICAL AND MAGNETIC UNITS 

8. Systems of Units.’ — There arc^ two distinct systems of units 
used in the measurement of c4cctri(!al quantities; the electro- 
static and the elec.tromagnetic. In former, the fundamental 
unit is determined by means of the rc^pulsion between two similar 
charges of (electricity, while in the latter, it is based upon the 
repulsion of two similar magnetic poles. Both of these systems 
may properly be termed '‘absolute" since all the quantities 
involved are directly expressible in terms of the fundamental 
units of length, mass, and time. Thc^ ratio between correspond- 
ing units of these two systems is some power of the velocity of 
light. In actual practice, however, neither of these systems is 
used, since, in general, the quantities therein defined are not of 
such magnitudes as to be convenient working units. A third 
system, known as the “practical system," has accordingly been 
devised, in which all the units are decimal multiples of the cor- 
responding electromagnetic units. The units of this system are 


the only ones to which names have been given, and it has been 
the custom of the international conferences by which they have 
been defined, to honor scientists, famous in the fields in which the 
units lie, by giving to them their names. Electrical quantities, 
expressed in the electrostatic and electromagnetic systems, are 
designated by the letters E.S.U. and E.M.U., respectively. 

FUNDAMENTAL ELECTRICAL UNITS 

9. Magnetic Units. Magnetic Pole S^trcngih.—~T\\o. unit mag- 
netic pole is a pole of such strength that it repels a like pole at a 
distance of one centimeter, in air, with a force, of one dyne. 

Magnetic Field Strength. — A magnetic field of unit intensity is 
a field that acts upon a unit magnetic polo placed in it, with a 
force of one dyne. 

10. Electrostatic Units. Quantity. — The electrostatic unit of 
quantity is of such a magnitude that it repels a like quantity at a 
distance of one centimeter, in air, with a force of one dyne. 

Current. — The electrostatic unit of current exists when an 
electrostatic unit of quantity flows past any plane in a conductor 
per second. 

Potential Difference. — Unit electrostatic difference of potential 
exists between two points when the amount of work required to 
carry an electrostatic unit of quantity from one to the other is one 
erg. 

Resistance. — A conductor possesses the electrostatic unit of 
resistance if, when carrying the electrostatic unit of current, the 
difference of potential across its terminals is one electrostatic unit. 

Capacitance.-— A condenser possesses an electrostatic unit of 
capacitance if the electrostatic unit of potential difference 
across its terminals gives to it the electrostatic unit of charge. 

Inductance. — A coil possesses an electrostatic unit of induc- 
tance if, when the inducing current is changing at the rate of one 
electrostatic unit per second, the induced electromotive force is 
one electrostatic unit. This applies both to self and mutual 
induction. 

11. Electromagnetic Units. Current. — The electromagnetic 



tity wnicn passes, per secona, any piano oi a eunuuuuor la wua;u 
the electromagnetic unit of current is flowing. 

Potential Difference. — The electromagnetic unit of potential 
difference exists between two points when the amount of work 
required to carry the electromagnetic unit of quantity from one 
to the other is one erg. 

Resistance. — A conductor possesses the electromagnetic unit of 
resistance, if, when carrying the electromagnetic unit of curremt, 
the difference of potential across its terminals is one eUict.ro” 
magnetic unit. 

Capacitance. — A condenser possesses the eleci.romagnetic unit, 
of capacitance if the electromagnetic unit of potential dilTeri'ncc' 
across its terminals gives to it one electromagnetic unit of chargi'. 

Inductance. — A coil possesses an cliKitromagnetic unit, of 
inductance if, when the inducing current varii^s at tluj rat(^ of one 
electromagnetic unit per second, the induced electromotive 
force is one electromagnetic unit. 

12. Practical Units. CurreriL — An amporo is one-tenth of an 
electromagnetic unit of current. 

Quantity. — The coulomb is the. quantity of electricity which 
passes per second any plane of a conductor in which the current 
is one ampere. 

Potential Difference. — The difforonco of potential between two 
points is one volt when the amount of work required to carry one 
coulomb from one to the other is one joule. 

Resistance. — A conduetor possesses a resistance of one ohm if, 
when carrying a current of one ampere, the difference of poten- 
tial across its terminals is one volt. 

Capacitance.— A condenser poascsscB a capacitance of fm(» 
farad if a difference of potential of one volt across its terminals 
gives it a charge of one coulomb. 

Inductance.— Two coils possess a mutual inductance of one 
henry if, when the primary current is changing at tho rate of ornt 
ampere per second, the electromotive force induced in the second- 
ary is one volt. 

A coO possesses one henry of self-indiictoncc if, when the 
current through it is varying at tho rate of one ampere per second, 
the induced counter electromotive force is one volt. One rnilli- 



pole once around the circuit is one erg. 

Field Strength— A magnetic field possesses unit strength if the 
magnetomotive force is one gilbert per centimeter. ( .1 his 
definition is identical with that previously given for field 
strength.) 

Reluctance . — A magnetic circuit possesses a reluctance of one 
oersted if a magnetomotive force of one gilbert produces a flux of 
one maxwell. 

13. Legal Definitions of the Practical Units. — At the last 
International Conference on Electrical Units and Standards, 
which met in London, in 1908, the following resolutions were 
adopted, which have served as the basis for legislation in the 
different countries of the world for fixing the legal definitions 
of the fundamental electrical units ’now in force. The full 
report of this Conference, in which 21 different nations were 
represented, may be found in The Electrical Review, vol. 63, 
(1908), page 738. 


RESOLUTIONS 

I. The Conference agrees that as heretofore the magnitude of 
the fundamental electric units shall be determined on the elec- 
tromagnetic system of measurements with reference to the centi- 
meter as the unit of length, the gram as the unit of mass, and the 
second as the unit of time. 

These fundamental units are (1) the ohm, the unit of electric 
resistance which has the value of 1,000,000,000 in terms of the 
centimeter and second; (2) the ampere, the unit of electric current 
which has the value of one-tenth (0.1) in terms of the ceiitiineter, 
gram, and second; (3) the volt, the unit of electromotive force 
which has the value of 100,000,000 in terms of the centimeter, 
the gram, and the second; (4) the watt, the unit of power, which 
has the value of 10,000,000 in terms of the centimeter, the gram, 
and the second. 

II. As a system of units representing the above and sufficiently 
near to them to be adopted for the purpose of electrical measure- 
ments and as a basis for legislation, the Conference recommends 


and the International volt, defined accordinji^ to tlic lollowiiig 
definitions. 

III. The ohm is the first primary unit. 

IV. The International ohm is defined as the rc\sistanee of a 
specified column of mercury. 

V. The International ohm is the resistances offesred (.o an 
unvarying electric current by a column of nnsrciury al lh(‘ tem- 
perature of melting ice, 14.4521 grams in mass, of a (sonstant (sross- 
sectional area and of a length of 100. 300 esin. 

To determine the resistance of a column of merc.ury in terms 
of the International ohm, the procedure (,o Ix' followed shall bc' 
that set out in specification I, attaclu'd to tlusses revsolutions. 

VI. The ampere is the second primary unit. 

VII. The International ampenv is tlu' unvarying (‘h'ctric cur- 
rent which, when passed through a solution of nitrate' of silvc'r 
in water, in accordance with the specification H, atlacdied to l.lu'se 
resolutions, deposits silver at the rah' of 0,001 1 ISOO of a gram jx'r 
second. 

VIII. The International volt is t.lu^ eU'ct.rical prt'ssure' whie'h, 
when steadily applied to a condiudor wliosc' ri'sistance is oiu' 
International ohm, will produce a curn'iit of one International 
ampere. 

IX. The International watt is the energy ('xpench'd per sc'ctunl 
by an unvarying electric current of oiu' Int('rnational ampc're 
under an electric pressure of one International volt. 

The Conference recommends the use of the Weston Norma! 
Cell as a convenint method of measuring both (‘Ic'ctroniolive 
force and current, and when set up under tlu* eoiulitions Hpt'eified 
in schedule C, may bc taken, provisionally, as liaving, at a (('ni- 
perature of 20® C., an E.M.P. of 1.0184 volts. 

14. The New Value of the Weston Standard CeU. Since' tin* 
meeting of the London Conference, a large amount of r('HC*art*h 
has been carried on at the Bureau of StandardH at Washington 
on the Weston Cell and the electrochemical ('(luivalenl of sil- 
ver; and it has been found that the electromotive' force of thin 
cell, in terms of the International olmi and International amfH'rc*, 
is, within one part in 10,000, 

R HIE 1 m Tn + n 4*1 rvM fs 1 


1911. The formula for the temperature coelliciont ol tlie w eston 
Cell adopted by the London Conference, based on the investiga- 
tions of the Bureau of Standards, is as follows : 

Et = E 2 G - .0000406 {t - 20°) ~ .0000009.5 (t - 20)2 

-h .00000001 {t - 20) » (1) 

16. Ratios of the Electrical Units. — For convenience of com- 
parison the dimensions of the electrostatic and elec.troniagnetic 
units are given below. The dimensions of the dicdectric constant 
and the permeability are unknown and are insertc'xl in tlu'. formula 
as K and ju, respectively. All that is known concerning the 
... 1 

nature of these quantities is that ' ' equals v, ecpials 3 X 

'W KH 

10^^° cm. per second, the velocity of light in free space. The 
last column gives the ratio of the corresponding units in the two 
systems, in terms of v. 
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The following table gives the practical units in terms of the corre- 
sponding units of both the olectromagnetic and the electrostatic systems: 

I Ampere » 10-> E.M.U.'s = 3 X lO® E.S.U.’s 
1 Coulomb 10-‘ E.M.U.’a - 3 X 10® E.S.U.’s 

1 Volt » 108 e.M.U.’s « 3 x\o8 

1 Ohm = 10» E.M.U.’s » 


1 J 


Tn Tl if TT » _ 
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THE RATIONALIZED PRACTICAL SYSTEM OF UNITS 

16. Advantages of the Rationalized System. — In the discussion 
of the practical system it was pointed out that our pre,s(mt work- 
ing units are decimal multiples of the corresponding units of the 
electromagnetic system. In fixing these ratios the international 
conferences have selected values in such a way that the ehuitricuil 
quantities commonly measured are expressed by numbers of 
ordinary magnitude. This, in reality, constitutes a mixcul systc'in 
of units, and, as a result, many of the formulae uscul in ev(U'y day 
calculations contain factors such as 10“^ 10'', 10®, etc. Again, a 
system based upon the unit magnetic pole and the unit eUnd ri(i 
charge as given in paragraphs 9 and 10, respectively, iiuwitably 
leads to many formulaj in which the factor 47r appears. 

It has been pointed out by Porry^ and by Fesscmckm® that by 
properly choosing new units for magnetomotive', force and fic'ld 
strength , and by submerging the factor 4 t in the arbitrary eonst an ts 
defining the dielectric and magnetic, propertic's of materials, that 
these objectionable factors may be eliminat'd, and all that 
Heaviside sought to accomplish by his “Rationalized Syst'in 
of Units,” realized. In an admirable paper entitled “ A Digest, of 
the Relations between the Electrical Units and the Laws uiuh'r- 
lying the Units,” Bennett® has carried out the HUggc'sHons of 
Perry and Fessenden and has developed a consist'iit series of 
defining equations and working formul® in which the objection- 
able factors are suppressed, and has clearly s(d. forth the relations 
between the units of the different systems. In this treatment, a 
new unit of force, the “Dyne-seven” (equal to 10’ dynes) luis 
been introduced. The advantage of this unit is obvious, since*, 
when acting through one centimeter, it performs one joule of 
work. 

17. Definitions. 1. Unit Qimnliiy of IUecin€tly-- T)m mviluni 
followed here is similar to that of the electrostatic system in 
that the unit of charge is taken as the fundamental unit, and its 
magnitude is arrived at by an application of Coulomb’s law, 
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Where Qi and Qz are two charges of electricity placed d cm. apart. 
The quantity k is a constant depending upon the medium in 
which the charges are placed, and for freu^ spac.e is arbitrarily 

put equal to Qi = d = I, then F = 

9 X 10^1 dyne sevens. Accordingly the coulomb is that quan- 
tity of electricity which I’opels a similar (piantity at a distamu^ of 
one centimeter in a vacuum with a force of 9 X 10“ dyne sevems. 
The coulomb, as thus tlefined, is ithmtical with that dedined in tlu', 
practical system of Art. 12. 

2. Permittivity of a Meditmi~-~T\\o. fae.tor k in the (‘xpression 
for Coulomb’s law is called the dielcH'.tvic. e.onstant of the medium. 

k . . 

Since in many formulai the 1 actor ^ app('.ars, it is expedient to 


replace k by a new medium constant defined by the relation 

k 


and Coulomb’s law is then written 

E = 

4rp (P 

The quantity p is called the permittivity of the medium, and for 
free space has the numerical value 
k 1 


V 


dvr 47r'9 X 10' 


8.84 X 10"'^ 


The relative permittivity of a substance is the ratio of the per- 
mittivity of the substance to the permittivity of free space, and is 
thus numerically equal to the dielectric constant or specific! 
inductance capacity as ordinarily defined. 

3. Unit of Current; the Ampere.—A current of one ampere is 
flowing in a circuit if the quantity passing any plane in the circuit 
per second is one coulomb. 

4. Unit of Potential Difference; the VoU.~A difference of poten- 
tial of one volt exists between two points if the work required to 
carrv one coulomb from one noint to the other is one ioiile. 



ampere per second, induces within it an E.M.F. of one volt. 

8. Line of Magnetic Intensity . — By a line of magnetic intensity 
or a line of force in a magnetic field is meant any line which is 
traced out by the center point of a small plane direction-finding 
coiV as the coil is moved in the direction pointed out by its 
normal axis. Such fines are always found to be closed loops, 
which either fink with electric currents or pass through 
magnets. 

9. Magnetic Flux Density . — The magnetic flux density, B, at 
a point in a magnetic field is defined as a vector quantity whose 
direction is the positive direction along the fine of magnetic 
intensity passing through the point, and whose magnitude is equal 
to the force upon a straight wire one centimeter in length carrying 
a current of one ampere, the direction of the wire making a right 
angle with a line of magnetic intensity through the point. 

Unit of Flux Density . — The Weber per square centimeter. — If a 
wire one centimeter in length carrying a current of one ampere, 
in a direction at right angles to the fines of magnetic intensity is 
acted upon by a force of one dyne seven, the flux density is one 
weber per square centimeter. One weber per square centimeter 
equals 10® gauss. 

10. Relation Between the Magnetic Flux Density and the Current 
Causing the Field . — Experimental measurements show that at 
any point in a field, free from iron, the value of the magnetic flux 
density, B, is directly proportional to the value of the current 
producing the field. For the special case of an annular ring 
uniformly wound with a coil of N turns, carrying a current I, 
experimental measurements show that the fines of magnetic inten- 
sity are circles lying within the ring as illustrated in Fig. 57 and 
that the value of the flux density, B, is uniform along each circle 
and has the value 


1 A direction-finding coil is a small plane circular coil carrying a continuous 
current. The coil is so mounted on gimbals that its normal axis is free to 
take any direction. The normal axis is a line perpendicular to the plane of 
the coil at its center. The positive direction along the normal axis is defined 
to bear the same relation to the direction of the current around the coil that 
r1irpr>+.inn nf o.rlvn.np.p nf n. rip*ht-hand screw bears to its direction of rota- 


m winch L IS the length oi tne circle, is a constant naving the 
value 1.257 X 10“^ for all except ferroinagiietic materials. 

11. Permeability. — The constant y, which appears in the equa- 
tion expressing the relation between the flux density and the 
current, is called the permeability of the iiKnlium in which the 
magnetic field is set up. It is a constant anahigous to conduc- 
tivity in the conducting field and to permittivity in the electric 
field. This unit is called the weber per ampere turn per centi- 
meter and is equal to 47r X lO"® units of peruKuibility as defined 
in the unrationalized practical systiun, 

12. Magnetic Intensity. — The defining equation of (10) may 
be written in the form 

B NI 
y L 

The expression ^ appears in so many calculations dealing with 

magnetic fields that, for the sake of convenience, the name “mag- 
netic intensity” or “strength of field” is given to it. It is seen 
to be equal to the number of ampere turns per centimeter. This 
unit of field strength is called the ampere turn per ceiitimotor and 

is equal to ^ gilberts per centimeter. 

13. Magneto-motive Force. — The lino integral J'Hdl for any 
closed magnetic circuit is called the magneto-motive force for 
that circuit. For the simple circuit of Fig. 57 we have J'Hdl = 
HL = NL The unit of magneto-motive force is the “Ampere 

Turn” and is equal to gilberts. 

14. Reluctance, Ampere Turn per Weher.—k magnetic circuit 
possesses a reluctance of one ampere turn per weber if a magneto- 
motive force of one ampere turn produces a flux of one weber. 

10 ® 

One ampere turn per weber equals oersteds. 



GALVANOMETERS^ 


18. Description of a Galvanometer. — A galvanometer is an 
instrument for the detection and measurement of very small 
electric currents. Strictly speaking, when used merely for the 
detection, of an electric current, as, for example, in determining 
the balance condition for a Wheatstone bridge or a 
potentiometer, it should be called a galvanoscope, 
and the term galvanometer restricted to the case in 
which it is standardized and used for the accurate 
measurement of currents. The fundamental principle 
upon which all galvanometers operate is the reaction 
between a current and a magnetic field, one of which 
is fixed and the other movable. There are two types 
of instruments, named after their originators, and 
known respectively as the Thomson and the 
D’Arsonval types. 

19. Thomson Galvanometer. — The Thomson gal- 
vanometer was invented by William Thomson (Lord 
Kelvin) and was first used as a detecting instrument 
in connection with the trans-Atlantic cable. It uses 
fixed coils and moving magnets, the axes of which 
are placed at right angles to the fields produced by 
the current in the coils. A high sensitivity requires, 
among other things, that the restoring torque on the 
moving system should be as small as possible. This is accom- 
plished by use of the so-caUed astatic system which is illustrated 
in Fig. 5. A rigid rod, BC, usually a slender glass tube, is 
suspended by a very fine quartz fibre AB. This rod carries 
two systems of magnets NS placed with their planes accurately 
parallel, but with polarities reversed. If the magnetic moments 
of the two groups of magnets are equal, then when the system 

1 Laws, Electrical Measurements, chap. I. 

Brooks and Poyser, Magnetism and Electricity, chap. XIX. 

Hadley, Magnetism and Electricity, chap. XVI. 
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wound in opposite directions so that the reactions of their fields 
upon the magnets of the moving system give torques in the same 
direction. By making the system very light, e.g., a few milli- 
grams, and by using a very fine quartz fibre for suspemsion, it is 
possible, with this type of instrument, to measure currents of the 
order of amperes. Since the fields due to currents of such 
magnitudes are very weak, slight gradients in the extcnmal field 
produce relatively large differences in tlu', torques upon the 
upper and lower magnet systems, and unsteadiness of the zero 
position results. Galvanometers of this type must, therefore, be 
carefully shielded magnetically. 

Magnetic shields^ may be cither spherical or cylindrical in 
shape, but since no openings may bo permitted without serious 
reduction in effectiveness, the latter form is usually employed. 
It has been found that if the iron is all concentrated in a single 
cylindrical shell having an outside diamediOr five tilings that of the 
inner, the effectiveness is 98 per cent of that of a shield having 
an infinite thickness. Furthermore, for a given amount of iron, 
the effectiveness is greatly increased by using s(^v(n’al c.oiKiC'.ntric 
cylinders. For extreme sensitivity, Thomson galvanometers are 
made very small, and the coils arc often mounted in a solid iron 
container made by splitting a soft iron rod longitudinally and 
drilling small holes in each half to receive the cioils. 

20. D’Arsonval Galvanometer. — The D’Ai’sonval galvano- 
meter consists of a fixed, permanent horse-shoe^ magnet and a 
light coil suspended between the pole pieces by a fine phosphor- 
bronze ribbon, the plane of the coil being parallel to the dirc'c.tion 
of the field. The current is led to the coil by tlie sui)porting 
ribbon and away by a helix of the same material attachcul at the 
bottom. While this type of instrument cannot be made as 
sensitive as the Thomson, it has the following special advantages : 
(a) The deflections are but little affected by variations in the 
external magnetic field; (b) the instrument may face in any direc- 
tion; (c) the moving system may be made aperiodic, thus avoiding 
loss of time in waiting for it to come to rest. For these reasons, 
except where extreme sensitivity is required, the D'Arsonval 

^ Wills, Physical Review, vol. 24, 1907, p. 243. 



the second, “ballistic galvanometers.’’ 



Fig. 6. — High sensitivity galvanometer with cover removed. 

21. The Current Galvanometer. — Figure 6 shows a high 
sensitivity current galvanometer manufactured by the Leeds and 
Northrup Company. The permanent magnet is mounted in a 
vertical position and is provided with pole tips shaped so as to 
give a nearly cylindrical gap between them. Coaxial with this 
gap is placed a cylinder of soft iron and the coil rotates in the 
annular space thus formed. The suspension is carried on a rod 
supported by a bracket from the magnet. A set screw permits 
a vertical adjustment of the coil and the knurled head, which 
projects through the top of the case, gives a rough adjustment for 
zero position on the scale. A slow motion screw at the base of 
the instrument gives the final zero setting The axis of the coil 


turned by heavy vulcanite nuts which give, at the same time, 
good insulation from ground. The right hand screw at the top 
operates an arresting device by means of which the weight of the 
coil may be taken off the suspension when the instrument is 
being moved. A cylindrical case, provided with a window to 
pass light to and from the mirror, protects the system against air 
currents. 

22. Galvanometer Sensitivity. — If several galvanometers, 
selected at random, are connected in series and a definite current 
is sent through them, it will be found that there are marked 
differences in the response made by the individual instruments. 
Those showing greater responses are said to have higher sensi- 
tivities. The indication of a galvanometer is usually read by 
means of a beam of light reflected from a mirror, attached to the 
moving system, on a fixed scale. Obviously, for a given motion 
of the system, the indication will be proportional to the distance 
from mirror to scale, and so it is customary, when comparing 
galvanometers, to place the scale at a distance of one meter, 
and to read the deflection in millimeters. The sensitivity of 
galvanometers is defined in a number of ways among which the 
following are the most common ; 

(а) Microampere Sensitivity . — This is defined as the deflection 
in millimeters of a spot of light on a scale one meter from the 
mirror when the deflecting current is one microampere. 

(б) Microvolt Sensitivity . — By this is meant the deflection in 
millimeters of a spot of light on a scale one meter from the mirror 
when an E.M.F. of one microvolt is impressed across the 
terminals of the galvanometer. 

(c) Megohm Sensitivity . — By this is understood the number of 
megohms which must be placed in the galvanometer circuit in 
order that with an impressed E.M.F. of one volt there results a 
deflection of one millimeter on the scale whose distance is one 
meter. 

The dependence of the sensitivities, as just defined, upon the 
constants of the instrument and the relations between them may 
be understood from the following considerations. It will be 
assumed that the coil is rectangular in shape and that it is so 

Qiin-rmr+varl ao 


obtained by means ot a cylindrical core between properly sliapi'd 
pole pieces, and has the advantage that, for a constant ciirrenl. 
through the coil, the torque is independent of its angular position. 

Let I be the length of the coil; h its width; 71 the nuinbor of 
turns; and H the strength of the field in which it is phuunl. 
Calling T the torque on the coil when the current flowing through 
it is -j, we have, if c,g,s units are used, 

T = Hinlh ' ( 1 ) 

The quantity nlh, that is, the product of the number of turns 
and the area of the coil, is frequently called the “eiiuivalent 
winding surface.’’ Designating this by E we have' 

T = HiE =: CA (2) 

where C, equal to HE, is the torque for unit current and is calk'd 
the “Dynamic Constant” for the instrument. 


Fkj. 7. — Diiipiram of rnovino: foil KnlvuiHdtu'lor. 



As the coil rotates, it twists the supporting metallic ribbon 
which exerts an elastic counter torque proportional to the angk' 
of twist, and the coil takes an equilibrium position such that tlu* 
two torques balance each other. Designating by r the constant 
of the suspension, that is, the restoring torque wlum it is twisted 
through an angle of one radian, the angular deflection e for a 
given current i satisfies the relation 

» Cl (3) 

Letting A equal the angular displacement resulting from unit 
current we have 


C ^ HE 

r T 


(4) 


A is the angular displacement in radians resulting from one 
e.G.S. unit of current and is, accordingly, the current sensitivitv 



Again, if the current is measured m microainpcrcs instead of 
C.G.S. units, it follows, since 1 microampere is 10~^ C.G.S. units, 
that the right-hand member of cq. (4) must be divided by 10^ for 
this case. Therefore, replacing A by its value S divided by 2,000, 
where S is the deflection in millimeters due to one microampere, 
we have 

S = ^ X2X 10-^ (5) 

r 

This is the microampere sensitivity and is seen to be .0002 times 
the ratio of the dynamic constant to the suspension constant. 

It is easily seen that the megohm sensitivity defined above is 
numerically equal to the microampere sensitivity just discussed. 
For, if S is the deflection in millimeters due to one microampere, 
then the current in amperes required for a deflection of milli- 
meter is ^ t)e the megohm sensitivity; that is, the 

number of megohms placed in scries such that the deflection is 1 
millimeter when the E.M.F. is 1 volt. By Ohms law, 

1 1 

i == whence M = S (6) 

To obtain the relation between the microampere and the micro- 
volt sensitivity, let it be supposed that a difference of potential 
of 1 microvolt is impressed across the galvanometer. The cur- 
rent i in microamperes is given by 


where R is the resistance of the galvanometer. The resulting 
deflection V, or the microvolt sensitivity is, accordingly, 

V = Si = I (10) 

Thus the microvolt sensitivity is obtained by dividing the micro- 
ampere sensitivity by the resistance of the coil. 

23. Figure of Merit. — While the definitions of galvanometer 
sensitivity given above are convenient for distinguishing the 
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ardized and used for the measurement of currents. Here it is 



If d is the deflection in millimeters at a meter distance and i 


is in amperes, F is called the '‘figure of merit” or simply the 
“constant” of the galvanometer and is defined as the current in 
amperes required to produce 
a deflection of 1 millimeter 
at a distance of 1 meter. 

The smaller F, the greater is 
the sensitivity of the instru- 
ment. 

To determine the figure of 
merit of a galvanometer it is 
merely necessary to pass 
known currents through the 
instrument and measure tlu^ 
deflections they produce. 

These currents may be sup- 
plied through a standardized 
variable resistance by a coll 

of known E.M.F., and computed by ( dim’s law. Siinu', for 
most galvanometers, the required curn'iit is very small, the 
arrangement shown in Fig. 8 is generally ernployc'd. By nudung 
P small, usually 10 or 100 ohms, and Q large, 1,000 or 10, 000 
ohms, only a small fraction of the lO.M.F. of the. c(*ll is (‘ffcH’t ive 
in sending a current to the galvanometer O’, and this current 
may be still further reduced by making R large. If R + G ih 
large in comparison to P, the fall of potential acrosH P is 
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where E = E.M.F. of cell read by the voltmeter VM. The 
current i through the galvanometer is 


• — 

® - it + 0 ” p 

and the constant F is given by 


P E 
~1“ Q R ••{- (J 
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deflections over the entire range for which the 


instrument is to be used, determining from each a value of F 
which, when plotted as ordinates against d, as abscissas, gives a 
working curve showing F as a function of the defUuitions. 

24. The Ballistic Galvanometer. — The ballistic galvanometer, 
which may be of either the moving coil or the moving magnet 
type, differs from the current galvanometer in that its moving 
system has a large moment of inertia, giving it a long pc'.riod of 
vibration. If, while the system is at rest, a small quantity of 
electricity, such as a condenser charge, is suddenly passed tlirough 
it, during the small interval of time that this electricity is flowing, 
there will be a torque acting on the system. This torque must 
be of very short duration as compared with the tinu'. requircul 
for the complete swing of the instrument, and is called an impul- 
sive torque. The system is thus given an angular velocity, and 
an application of the laws of mechanics shows that the amplitude 
of the first ballistic throw is a measure of the impulsive torciue 
applied, and hence of the quantity of electricity that has passed. 
The ballistic galvanometer is, then, an integrating rather than an 
indicating instrument. The rotational energy of the moving 
system is consumed in two ways: (a) The air surrounding the 
system is set in motion; (&) the relative motion of the coil and 
magnet induces a current in the coil, if the circuit is closed. Since 
the system is thus losing energy, each succeeding swing is less 
than the preceding one, the instrument comes gradually to rest, 
and the motion is said to be “damped.” If the resistance across 
the galvanometer terminals is very largo, the system will make 
several swings before coming to rest. If the resistance is small, 
the system will not vibrate at all, but will come to rest slowly. 
If, however, it is of the proper value, the motion may bo just 
aperiodic; that is, it will not swing past zero, but will return to 
zero in the shortest time. The instrument is then said to be 
“critically” damped, and the resistance required is called the 
“critical resistance.” In many instruments, the moving coil is 
wound on a closed copper form in which currents are induced as 
it swings, thus making it nearly aperiodic on open circuit. 

26. Constant of a Ballistic Galvanometer.-— A study of the 


being that this discharge must take place before the system inov('s 
appreciably from its zero position. If the throw is small, so 
that the tangent is proportional to the angle, this fact may b('. 
expressed thus 

Q == Kd (15) 

where Q is the quantity of electricity, d the deflection as read by 
a mirror and scale, and K a constant depending upon the st'usi- 
tiveness of the instrument, numerically equal to the (luanlity 
necessary to give unit deflection. The smalh'r K, tlu' greattM’ is 
the sensitiveness of the instrument. If, then, K is known, W(‘ 
have a means of measuring small quantities of electricity 

26. Theory of the Undamped Ballistic Galvanometer.- It 
will be assumed that the galvanometer is of the D’ Arson val type, 
and that the field in which the coil moves is radial and uniform. 
It will also be assumed that the duration of the discharges is short 
compared to the time required for the first ballistic throw to 
take place. The conditions under consideration, then, are^ these: 
A small quantity of electricity, such as the charge of a condtuiser, 
is passed through the coil. While the current is flowing, the 
reaction between the current and the field produces a tortpu' on 
the coil which starts it rotating. Although th(‘, duration of this 
torque is very short, the coil has, novcrthcik'.HS, aetjuired a (’(n’tiiin 
kinetic energy, and its motion is opposed only by the comder 
torque of the suspension, since wo are neglecting (lanii)ing. It 
will continue to rotate until its energy has Ixurn transferrc'd to 
the suspension where it is stored as potential (uiergy of ehistic 
deformation. The coil then starts swinging in the rt^vtu’se direc- 
tion and when it passes through its zero position, it again pos- 
sesses the same kinetic energy that it had originally, and will 
continue to oscillate indefi.nitely. 

Let I be the moment of inertia of the, coil, w its angular vedo- 
city, a its angular acceleration, and 0 its angular deflection at any 
instant. As in the discussion of the current galvanometer, h't V 
be the coil constant, that is, the torque produced by unit current, 
and let r be the suspension constant, that is, the counter torque 
for a twist of one radian. At any instant during the diBchargo, 
the eouation of motion for the avatem is 


Since we are assuming that the discharge takes place before the 
coil swings appreciably from its zero position, the second term on 
the left hand side may be neglected; and, writing for « its value, 

we have 


dt^ 


Ci = I 


d^e 


di‘^ 


(17) 


Let t' be the time required for the discharge to take places. Tluui 

'd^O 


C 


fidt = I r 

Jo Jo 


dt^ 


dt 


(18) 


Carrying out this integration and kitting oi' Ix^ the angular v(do- 
city at the time t', we have 

CQ = /to' (It)) 

Where Q is the quantity of electricity which passtul through tlu^ 
coil. The kinetic energy thus acquired by tlic^ c.oil is 


Energy = K/w'^ = K j 


( 20 ) 


If the coil swings through an angle Oi, the potcudhil ('.luu’gy of 
elastic deformation is 

'ode - }4rOJ ( 21 ) 
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Since this is equal to the initial kinetic eiuu'gy of rotation, 
there results 

whence 

"s/ ri 
C 


Q 


Oy 


(22) 


Inasmuch as the quantities in the coofFicient of 6i are not 
readily determined, it is simpler to express this (luantity in i.(‘rniH 
of the figure of merit of the galvanometer and its period of oscilla- 
tion T. Since the coil executes an angular harmonic motion, its 
period is given by 

' r 

Substituting from (23) and (11) in (22) there results 


T = 27r. 


V; 


( 23 ) 



practice. Moreover, it would be exceedingly cumbcrsonui l.o 
use, because of the difficulty in bringing the coil to zero and main- 
taining it in this position while adjusting other parts of the appa- 
ratus in preparation for an observation. Since a certain amount 
of damping must necessarily be present, it is usually most con- 
venient to increase the damping until the motion is justai)erio(lic.. 
In this case, the galvanometer deflects to a certain point and then 
returns to zero in the quickest time; and, barring external dis- 
turbances, remains in this position indefinitely. 

The theory of the damped ballistic^ galvanometer is somewhat 
involved and is beyond the scope of this book. It may be shown, 
however, that when damping exists, the ciuantity of electricity 
passed through is given by 


where X is called the ''logarithmic dccnsiK'nl. ” and is defined as 


the Naperian logarithm of tlu^ 
ratio of any deflection to the 
next one succeeding it in th(^ 
same direction. It is thus 
seen that damping reduces the 
ballistic sensitivity of a gal- 
vanometer. Further, if the' 
galvanometer is standardiz('d 
under conditions such that 
the damping is different from 
what it is in use, the d(icr('- 
ment must be determined in 
both cases and the differemu'. 
allowed for by eq. (25). 

27. Determination of the 
Constant of a Ballistic Gal- 
vanometer. — The standardi- 
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zation of a ballistic galvanometer consistH in paBsing known 
quantities of electricity through it and mejisuring the dellec- 
1 0. M. SrrawART, Phj/a. Rev., vol. XVI, 1003, p. 158. 

Laws, Electrical Mcaauromonts, chap. II. 



respectively as the “condenser and standard cell method’' and 
the mutual inductance or “standard solenoid method.” 

1. The Condenser and Standard Cell Method. — This method 
consists in charging a condenser of known capacity by means of 
a standard cell, and then discharging this quantity through the 
galvanometer. The apparatus is arranged as shown in Fig. 9, 
where G is the galvanometer to be standardized, C a standard 
condenser, K a charge and discharge key, and a.S a standard cell. 
If V is the E. M. F. of the cell, the quantity stored in the con- 
denser when the key is pressed down is 

Q = CV (26) 

and since 

Q = Kd (27) 

we have 

CV 

^ (28) 

If C is a subdivided condenser, several different values should bo 
used, a curve plotted using Q as abscissas and d as ordinates, and 
the constant computed from, the slope of the straight line. If C 
is expressed in farads, V in volts, and d in centimeters, K will be 
given in coulombs per centimeter; but if C is in micro-farads, K 
will be given in micro-coulombs per centimeter. 

■ 2. The Standard Solenoid Method. — This method is especially 
applicable to cases in which the galvanometer is used on low 
resistance circuits where the damping is large. The known 
quantity of electricity discharged through the galvanometer is 
obtained from the secondary of a standard mutual inductance 
when a measured change in the primary current is produced. 
The connections are shown in Fig. 10 where AD is the primary 
of the mutual inductance, SS' the secondary coil, and 0 the 
galvanometer to be calibrated. 

Let Q = quantity of electricity discharged through the galvano- 
meter. 

i = instantaneous current in galvanometer. 
e ~ instantaneous E.M.F. in secondary coil. 

I = value of primary current. 

R ~ total resistance of secondary circuit. 



Fia. 10. — Standard solenoid rnothod for IjalUsttc! Rnlvanomotor constant. 


If one of the coils is uniformly wound and has a length great in 
comparison to its diameter, as the primary AD of Fig. 10, it is 
called a standard solenoid. The mutual inductance may then 
be calculated from the dimensions of the solenoid, and the 

_ . ii- 1*11 




The coefficient of mutual inductance may be defined, in electro- 
magnetic units, as the number of magnetic linkages through the 
secondary when unit current is flowing in the primary, where, by 
linkages is understood the product of the number of turns and the 
total flux. As the secondary coil surrounds the standard solenoid , 
we have 


M ~ n(j) ~ nHA 


4:TNnA 

_____ 


electromagnetic units 


(33) 

(34) 


Since, however, we wish M expressed in henries, we must divide 
by 10®, the number of E.M.U’s. required for one henry. Accord- 
ingly, our equation becomes 


__ 4.TrNnA I 
" iRLWd 


(35) 


It is customary to reverse the current through the primary of the 
standard solenoid instead of merely ^‘making" it as implied in the 
above derivation. The limits of integration in equation (31) 
should then be —I and +I instead of 0 and I, in which case 
our formula becomes 


SirNnA I 
ELIO®' d 


(36) 


In the above derivation, we have assumed that the field 
strength at the center of the standard solenoid is given by the 
formula 


„ 47riV/ 


(37) 


which is true only for an infinitely long solenoid. If the length 
of the standard solenoid is fifty times the diameter, the error, 
which is due to the demagnetizing effects of the ends, is less than 
one-half of one per cent. We have further assumed that there is 
no magnetic leakage between primary and secondary' coils, a 
condition which is never realized. Our value for M, computed 
above, is, therefore, too large; and for very accurate work, a 
correction should be made. If we call/ the demagnetization and 
leakage factor, our corrected formula for K becomes 


rr SirNnA Z . 

SLIO* 


( 38 ) 



28. The Fluxmeter. — It was pointed out above, as a necessary 
condition that the ballistic galvanometer should give indications 
proportional to the quantity of electricity passed through it, that 
this passage must be completed before the moving system swings 


Fiq. 11. — GrasHot Flux Meter. 

appreciably from its zero position. In certain instances, as, 
for example, the testing of iron possessing magnetic viscosity, 
the induced current which is passed through the galvanometer 
persists too long, and hence the ordinary instrument cannot be 
used. The Grassot fluxmeter is a modified ballistic galvano- 
meter of the moving coil type, in which this difficulty is over- 
come. The coil is suspended by a fine silk fibre and is practically 




axis of rotation, the parts involved being similar to those of the 
Weston ammeter. The torque, for a given current, is practi- 
cally independent of the position of the coil. When (ionnected 
to a resistance equal to or less than its critical resistancio, the 
coU is stationary in any position. When a given quantity of 
electricity is discharged through it, it moves to a new position and 
the change in position is proportional to the quantity that 
passed, no matter how long a time was required. It is standard- 
ized and used as an ordinary ballistic galvanometer, except that 
some means must be provided for bringing it back to its zero 
position. Figure 11 shows the construction of an instrument of 
this type. 

29. Theory of the Fluxmeter.^ — As originally designed, the 
fluxmeter was intended as an instrument for the direct measuro- 
ment of magnetic flux density. For this purpose, coils are con- 
structed which consist of a definite number of turns wound on a 
plate of nonmagnetic material, the area of which must be care- 
fully measured. These coils are made very thin so that they may 
be inserted in a narrow air gap such as exists between the arma- 
ture and pole pieces of a dynamo. The measurement of an un- 
known flux density consists then in connecting the test coil by flex- 
ible leads directly to the fluxmeter and placing it at right angles to 
the flux to be measured. The instrument is brought to zero by 
some suitable device. The test coil is then withdrawn from the 
flux and the accompanying deflection of the instrument, multiplied 
by its constant, measures directly the change in flux through the 
test coil. 

The direct proportionality between change of flux through the 
coil and deflection of the instrument may be shown as follows: 

Let ^ = flux through the exploring coil 
N = number of turns in exploring coil 
L = inductance of exploring and galvanometer coils 
R = resistance of exploring and galvanometer coils 
C = constant of galvanometer coil * Hnlb 
I = moment of inertia of galvanometer coil 

^ Laws, Electrical Measurements, p. 124. 
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B = angular deflection due to change of flux 
As the test coil is withdrawn from the flux, there is induced in 
it an E.M.F. given by This is opposed by the counter 
di 

E.M.F. , L due to the inductance of the galvanometer coil, and 

also by an E.M.F. Cco due to the motion of this coil through the 
field of the instrument. Accordingly, the current at any instant 


The motion of the coil is given by 

dco ' CN d4> CL di C^co .... 

Integrating between the limits o and t, where t is the duration of 
the change of flux and consequent motion of the galvanometer 
coil, we have 

^ mm r cit+^ f‘.<u ( 41 ) 

^ Jo dt Jodt R J dt R Jo 

Remembering that at both limits the current and angular velocity 
are each zero and that y’w dt = B, we have 


^ r j f"* (41) 

Jo dt Jodt R J dt R Jo 


<l>2 — 4>i = d 


The change of flux through the test coil is thus seen to be 
directly proportional to the angle 6 through which the coil rotates. 
This deflection may be read either by a pointer or a mirror and 
scale. The fluxmeter may be used for almost any purpose for 
which the ballistic galvanometer is suited, but has, in general, a 
somewhat lower sensitivity. 

30. Checking Devices. — If a ballistic galvanometer is not 
critically damped, it is convenient to have some device to check 
its motion and to set it accurately at its zero position. If the 
instrument is of the D’Arsonval type, this may usually be accom- 
plished simply by a short circuiting key. However, since most 
keys possess slight thermal E.M.F.’s, the zero with the key 
closed will usuallv be different from the normal zero with the kev 
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device shown in Fig. 12 is much more sati.sf<actory. It consists of 
a coil of wire through which a bar magnet may be moved. The 
coil is connected in series with the galvanometer and the motion of 
the magnet induces in it a small E.M.P., positive or negative, 
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depending upon the direction of motion. The key must remain 
closed except when it is necessary to “get a new hold" on the 
galvanometer. With a little experience the instrument may, 
with this device, be set on zero very quickly and accurately. 



CHAPTER III 


MEASUREMENT OF RESISTANCE 

31. Ohm’s Law. — When a current of electricity is flowinp; from 
one point to another along a conductor, a diffcu-oncxi of potcnitial 
is found to exist between these points. The magnitucUi of tlu^ 
difference of potential depends upon the current and upon a 
property of the material in virtue of which it offers opi)osition to 
the passage of current. The relation between potcuitial diffcn'c'iutcs 
and current was first given by Ohm, and is known as Ohm’s law. 
It states that, as long as the physical condition of a conductor 
remains unchanged, there is a constant ratio bcd-wcuni the curremt 
and potential difference; or, in symbols. 


where the proportionality factor R is calkul thc! resistance of th<' 
conductor. This law is a result of (^xi)e.rim(mt and has becni found 
to be true within the limits of the most nifmed meaHunnuents. 

32. Specific Resistance. — For a uniform coiuluc.tor, oOun* con- 
ditions remaining the same, the resistancu'. is proportional to 1 
length and inversely proportional to the', arcui of cross section. 
Hence, if I represents the length and a the cross section, we havet 

/e = f ^ (2) 

where p is a constant depending upon the matorial of the conduc- 
tor. Considering this as a defining equation for p, W(^ sec' that, 
when I and a arc unity, p equals li. The constant p is thus the 
resistance of a unit cube of the material, and is known as tlu^ 
Specific Resistance. In tabulating the resistivitij's of Huhstances, 
the specific resistance is a convenient (luantity to use, since 
knowing it, one can readily compute the resistaiHUi of a conductor 
of any length and cross section by nu'ans of (Hp {2). The 
value of p depends upon the units employed for tlu'. nunisunnnent 
of length and resistance. Since the resistanct* of a unit vnhe of 
any metal is a very small quantity, it is customary to (‘xpress the 
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good conductor, has a considerable effect upon the resistance; and 
hence, copper, for electrical purposes, should bo pure. 

33. Temperature Coefficient of Resistance. — The resistance of 
all conductors is found to change with the temperature. In the 
case of the pure metals, the resistance increases with increasing 
temperature, while for carbon and electrolytes, the opposite is 
true. The former are said to have a positive, and the latter a 
negative, temperature coefficient. Experiment shows that, over 
relatively large intervals of temperature, the resistance of a given 
conductor, at any temperature t, may be expressed by the 
equation 

Rt = Ro(l + + ) (3) 

where Ro is the resistance at zero degrees and a and jS are constants 
depending upon the material and the temperature interval con- 
cerned. Over small ranges of temperature, the change in resis- 
tance is nearly proportional to the change in temperature, and 
may be represented by the linear relation 

Ri=^Ro{li-<xi). (4) 

The coefficient a is called the “Temperature Coefficient,” and is 
the change in resistance per ohm per degree change in tempera- 
ture. Some alloys, such as german silver and manganin, have a 
very small temperature coefficient, that of the latter being zero at 
some temperatures. Manganin is well suited, for this reason, 
for the construction of standard resistances. 

34. Measurement of Resistance.— -The independent or “abso- 
lute” determination of resistance, that is, measurement in terms of 
the fundamental units of length, mass, and time, is a matter of 
considerable difficulty; and so the establishment of primary 
standards is, at the present time, loft almost entirely to govern- 
ment Bureaus of Standards, which are especially equipped for work 
of this character. On the other hand, the comparison of resis- 
tances, even to a high degree of accuracy, is relatively simple, and 
it is with work of this character only that wo are concerned here. 

36. The Wheatstone Bridge. — This is the usual method 
employed for comparing resistances of ordinary magnitudes, 
and its principle may be readily understood from Fig. 13. Four 


trom tne oauery enicrmg at /i, it uivuh-m lu i.vwi 

which unite again at B. The galvanoiueter O is coniuuhocl across 
the other corners of the diamond. 

Since the points P and Q possess potentials intcu'ituuliaU* lad wcam 
those of A and B, it must be possible to mak(^ Q \uivv tlu^ sanu' 
potential as P by suitably choosing Rn and P4. VVluMi this 
condition has been established, no current Hows through tlu* 
galvanometer, as indicated by zero (h'flection, and the bridg«' is 



said to be balanced, (hilling the current tlirougli P, atul 
Cl, and that through P3 and P.i, Ca, we luivi' tlie 

P.D. between A and P = P.D. between A and Q ami 
P.D. between P and B = P.I). bidwcnm Q and H, 


By Ohm’s law 




and 

Hx(\ 

™ P.i( a 

(FA 

Whence 

PgCi 

» Ri(\ 

m 


Pi Pa 


diagrammatically in i^ig. 14 where the corresponding points oi 
Fig. 13 are indicated by the same letters. Rz and Ri are replaced 



by portions of the slide wire and their magnitudes varied by 
moving the slider Q. Calling p the resistance of 1 cm. of the wire, 
we have 


X __ pl^ 
R " ph 


(8) 


whence 


X = I'R. 
n 


(9) 


In order to increase the accuracy of setting, and to reduce the 
relative errors in measuring h and U, especially whore X and R 
have quite different values, resistances are introduced in place 
of the links M and N, which may be measured in terms of p and 
expressed, therefore, as a certain number of slide wire units to be 
added to li and U. 

37. The Post-office Box. — A more compact form of Wheat- 
stone bridge is shown in Fig. 16, which is known as the post-office 
box, from the fact that it was adopted at an early date by the 
British Post and Telegraph Office. The slide wire is replaced by 
two series of ratio coils, AQ and BQ, having resistances of 10, 
100, 1,000 and 10,000 ohms each, while the third arm is a series 
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1,000:1, resistances up to 100 mogoliins may ])0 measured; while 
with the ratio reversed, resistances of tlui ordcu’ of .001 may 1 x 5 
detected. The range is thus gn^at and its advantage's are obvious. 
In using the box bridges, one should first use a 1:1 ratio, sc'ding 
the coils at 100 ohms each, and obtain a rough balance, tlius finding 



Fia. 10.-— PoHt-ofI\po l)ox. 


the order of magnitude of the unknown. Ho should then choose 
such a ratio as will cause the balance setting of li to be as largo 
as possible. For example, suppose C is found to be of the order of 
45 ohms. By using a ratio of 1 :1,000 a balance may be obtaincxl 


45.64. The higher ratio thus increases the accuracy. Box bridges 
of the better class are provided with plugs for interchanging the 
ratio arms, by means of which ineciualities in th(i internal connec- 
tions of the bridge may be eliminated, and a check obtained upon 
the accuracy of the ratio coils. For accurate work, one should 
reverse the battery terminals in each case and re-balance, thus 
eliminating errors due to thermal and contact differences of 
potential. A convenient form of post-office box is shown in 
Fig. 16. 

38. Measurement of Low Resistance. ^ Kelvin’s Double 
Brid'ge . — For the measurement of extremely low resistances 
such as that of a few feet of trolley wire, cable, bus-bars, etc., 
the Wheatstone bridge is unsuited for two reasons; First, when 
the resistances to be compared are very low, tin; bridge becomes 
insensitive; and second, some sort of connectors must be uscul for 

joining the unknown to the 
bridge, and tlieso may have a 
resistance comparable to that 
to be measured. The Kelvin 
double bridge avoids both of 
those difffcultioH. The general 
scheme of this circuit is shown 
in Fig. 17, where X and H ai*e 
the unknown and standard re- 
sistances, respectively, through 
which a largo current flows 
which need not necessarily be 
constant. There are four ratio 
coils, a, 6, c, and d, arranged in pairs, while the galvanometer is 
connected at the points C and D, between each pair. By 
properly adjusting the ratio coils, C and D may be brought to 
the same potential, when no current flows through the galvano- 
meter and the currents in X and S are equal. When the balance 
has thus been obtained, let us call I the current through X and S, 
1 1 that through a and c, and h that through b and d. Then, by 
Ohm^s law, 

ch = XI dh and ah » BI -f hh (10) 

^ Noetheup. Measurement of Resistanee. nhan VT 


A X B 



!'■ S b 

Fia. 17. — 'Diagram for Kelvin’s 
dovible bridge. 



Whence 


XI = clx - dh and SI = n/i - bL> (ID 

XI = c(^h - ^7 = ( 1(^1 i - [[/■i) (1^) 


By the construction of the instriiiiiont, 

d _ h 
c a 


which gives, on dividing e(iuations (12), 


X ^ c 
S a 


( 13 ) 


which is the working formula for the instriutu'rit. One form of 
this bridge devised by Leeds and Nortlirup, is shown in h'ig. IH 
where the points corresponding to those' of (lu' selieniiit ie diagnim 



of Fig. 17, arc lettered similarly. The unknown in rc*pri'«*ntiHl 
as a heavy rod with potential taps at A and /i, while* the* Htamlnrd 
consists of the bar MX and the coils with poHls nutulM*rt*cl (> IK 
Each of the coils, as well as the standartl bar, has a re*si.H!aric*i* of 
.01 ohms, and the resistance l)eing used as the stantlard S, in 
that between the slidcw F and the moval)l(' plug K. 3‘hc* stfindtiril 
thus has a range of 0 to .1 ohms by infiniteHimal sU'fw. l‘he mtio 
coils are situated to the right of tlie Htandanl eoiln and iiri* 
connected to the galvanoouder in different waya by mearw of tlio 
plugs C and D. A little study of the eornuadionH will «hc»w that 
three different ratios are possible; namely, hlO, 1:1, and 1 0:1, 
The plugs C and D must bo placed opposite one ariotlt«»r, «in«» a 
double ratio must be maintained as indicated by the equation*; 
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The resistance X is that portion of the rod between the points A 
and B only. When the resistance to be determined is of some 
other form than a rod, it must be provided with two sets of leads; 
a heavy pair for the current, which are joined to the bridge at S 
and T, and a light pair for the potential drop across it, joined at 
I and m. The bridge thus measures the resistance of the con- 
ductor between the points to which the potential leads are 
attached. 

39. Experiment 1. Specific Resistance of Materials. In 
this experiment, the specific resistance of three metals, copper, 
brass, and iron, is to be found. The metals are provided in the 
form of rods, which are to be clamped in the bridge at S and T . 
Make sure that good contact is obtained at A and B by polishing 
the bars at those points with emery cloth. Use, as a current 
supply, a ten-volt storage battery and include an ammeter and 
a reversing switch in this circuit, and a press key in the galvano- 
meter circuit. Operate the bridge on 3 amperes. Measure the 
resistance of 50 cm. and 100 cm. lengths of each bar, reversing 
the current at each setting to eliminate errors due to thermal and 
contact potential differences within the instrument. Make at 
least four balances for each length approaching the balance 
point from both sides. Determine the diameter of the rod by 
means of a micrometer gauge, taking the average of ten measure- 
ments uniformly distributed over its length. 

Report. — 1. Compute the specific resistance of each material 
in michroms per centimeter cube. 

2. Compare your results with the data given in one or two of 
the standard tables of physical constants to be found on the 
reference shelves. How do you account for the discrepancies? 

40. Carey-Foster Method for Comparing Two Nearly Equal 
Resistances. — A very accurate method for comparing two 
resistances which are nearly equal to one another has been 
devised by Carey Foster.^ It possesses the advantage that 
errors arising from the resistance of leads within the bridge, as 
well as those due to thermal and contact electromotive forces, 
providing they remain constant, are automatically eliminated. 
The wiring diagram is shown in Fig. 19. It consists of a slide 



( 15 ) 


L)ri.Ugvy Wiiw CIV/ wu iitivu 

/ill ^ A + ri + ph 
Ri B + r2 + pmi 

where p is the resistance of the slide wire per unit length. Now 
let A and B exchange places, and let h and m 2 be the correspond- 
ing lengths for a new balance. Then 

R\ _ /^ + ri ~ 1 “ ph . . 

7/2 yl d~ T‘> p?)i 2 



Equating the right hand niomliera of eciiiationH (15) and (16) and 
taking Ihc' resulting equation by addition, we have 


A d“ I'l pf] "f" “I" r 

/? + fg "H P 'f ^h 


B d” d” ph "4” q. -j-. pf)%^ 

id -I" rg -|“ pM% 


Binco h - 4 - nii ^ h + ^«ai the munerators of these fractions are 
equal; the denominators are therefore also equal, whence 

/i + r§ d" pW'b A d" Tg d" pnii 

yt — /j j» p(mi — m 3 ) = p(h h) (18) 


The difference in the resistance of the two coils, A and B, is thus 
seen to bo equal to the resistance of the slide wire between the 
two pointe of balance, before and after the interchange of the 




Fia. 20.— - (U)!! ititorchangor for ( ■aroy-KoHlor bridge. 

purpose. A convoniont device therefore niUHt he provided for 
interchanging them without removing tlumi froiti tlieir hiitliH or 
producing any changes in contact rcHiHtanc.cH l)y handling them. 



I'lu. 21.““C'onii)loto Ciurey-FosUn' bridge. 


Figure 20 shows an arrangement for this purpose. Tlio coils are 
supported at the ends of heavy copper bars which swing so as to 
receive units of different sizes. Contact between resistance 


mui-tlior tiru lumiu uy la uai! uuiM ^^na puruiiiiy luuu^ 

them with mcM-ciiry. The interchanges of the eoils is ('ffectc'd by 
a half turn of the coininiitator at tlus center. Adjustable' le'gs 
enable tlies ce)ilH te) bes lovvesred in the baths te) the propesr eh'pth. 

To aelapt thei brielges to thes cesnipariHesn of ce)ils e)f higli as we'll 
as low resistanesesH anel t.e) se'esures at (lies same time' a satisfaeil.esry 
sensitivity, it is iinpesrtant te) have seve'ral sliele wire's e)f elilTe're'ut 
resistaneiesH i)er unit lesngth. Figure 21 shows a e‘e)inj)le‘le' brielge 
in which any eau' e)f Ibive sliele' wire's may be use'd a( will, 'be) 
obtain thes esffeest e)f a vesry low resistanese' sliele wire', ones e)f esreli- 
nary inagnitiule may be shunted. A link, seen at the fresnt esf tlu' 
switch boarel is presvieh'el fesr this purpesse. 

41. Determination of p. The ( ’are'y-Foste'r me'(he)el re'epiire'S 

that the slieles wii’e* be esf unifesrm resistanese, anel that its re'sistane*es 
per unit length bes aesesurate'ly kneswn. Te) mesasure p, the' pre)ce'ss 
of inesasure'ment abe)ves eh'scribe'el may be inverte'el, using fe)r A 
and B twe) eepial ese)ils e)f known re'sistune'e', one' of which is slmnU'el 
by a known variable rt'sistanee'. By choosing approiiriute 
values for the sliunt, any eh'sire'el differeiu'e Ix'twe'e'u A anel B may 
be obtaineel, anel by changitig H\ anel the balane'e i)e)intH may 
bo shifted to diffe're'ut pessilions ale)ng the slide* wire. The' ce)n-" 
stant p is obtaineel by subslituting in e'ep (IS). 

42. Experiment 2. Mmnujrmvnl of Temperature (Coefficient.'-- 
The ()arey-Fe)Hter me'theiel is particularly we'll aelaj)tc*el te) tins 
measurement e)f the variatiesn e)f a iTsistanese with temperature'. 
The proesesHB consistK in determining the eliffere'nce' be'twe'e'n this 
resistances of two ce)ilH one of which is constant while* the other is 
changed by holeling it at dilTesrent tesinperature's. This me*tal, 
whose coefficient is te) be measureel, is in the form of a wire 
wound on a frame winch may be )>laced in ai\ e)il bath to seeurc' a 
uniform temperature thremghout. Place the* eontairu'r in an ice 
pack and metwnre* the* reHistanee at a te*mpe‘rature* m near aw 
possible to 0®(h Next plae'e the* ce)ntainer it) a water hath 
heated by an electric heater. Obtain tlu* re'Histanee at 1(1® 
mtervals up te) 8(F ('. While eaeh me'amirement is in pre)greiw, 
:'0move the heater and place tins hath upon a woodc*n 
3tand. Stir the oil ce»ntinuouHly and read flu* thennomeU*r fre- 
pently. Settinp Hhould he* made as rapidly a« powible to avoid 



be placed in an oil bath and its teiupc'rature luaintaiiuul constant. 

Report. — 1. Plot a resistance' te'inpe'i-aturc^ curve' nsinji; re'sis- 
tance as ordinates and teunpe'ral.ure' us jibse-issas. Draw a 
straight line through thevse points to strike' an a,ve'ragee, and fre)m 
it determine the values for Rn anel Rhu. C 'Oinputi^ tlie teunpera- 
ture coefficient a from the ecpuitiou 

Rt = “f" oil) 


2. Consult a table of physical en)nstants and se'e if yon can 
identify the wire tested from the value of the' temii)(U’atiir(' (!e)e'ni- 
cient obtained. 

43. The Measureihent of High Resistance.'— In pr(wie)us 
sections, methods for measuring re'sistaneee's e)f orelinary nuigni- 
tudo and for very small re'sistane'.e's have' be'e'u e‘e)iisiele're'd. The', 
measurement , of very high re'sistane'e^s, sue-h us the' insulaliou 
between the bus-l)ars of a switch be)arel anel (he' ground, the 
armature bars and core of an e'leu'trie'ul machine', insnhdie)n e)f 
cables, etc., requires special c.onsieU'rat.ion. A rc'.aely ou'thod 
commonly employed by engineeu's, which give's re'liabh' re'sults 
for resistances up to se'veral te'ulhs e)f a me'ge)hm, anel e'ven 
higher, is that in which a voltmct e'r eif kneiwn re'sistance' is e'ln- 
ploycd, the unknown high resistaneee' taking (he' plae'e' of the' multi- 
plier in the ordinary use of the' inslrume'ut. Suppe)se' a 
voltmeter, of resistance r, is ('.onnecte'el aere)ss a se)urc.t' of M.M.K., 
and the voltage, which we will call T, is me'asure'el. 'I’he'ii let 
an unknown resistance R be connected in se'rie's with the' insl.ru- 
ment across the same source. Since' (he' ve)l(me'(e'r me'usure's 
the fall of potential across ils own iid.e'riial re'sislane'e', whie'h wee 
will call Vr, while the total voltage' across R- tinel r is that origin- 
ally measured, i.c., V, we may wrhe, by Ohm’s law, 


Or, 


1 r "b Jt 

V - i; R 

lA ?• 


m 

( 20 ) 


R 



Whence 
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tank of wator, both <'tulH bomg loft outHulc*. I hw arrangtniu'tit 
may ho oonHicltn’otl a oondcoiHcr, c»nt‘ pluto «tf which ik tiu' water, 
tho other tlio wire, whilo the iiiHiilaticjii in thftlic'lcwtrie. Hm 
electrical oqnivahmt in in Mg. 22. If the wire* and watin* 


were perfect, iht* charge wtndd remain cmintant ; hut, if the inHii« 
lation ponHCwtoH a alight cmnluel ivity , llu’ eiiarge will gradually leak 
through, reducing the potential difTeretiee of the eondenwr. 




R = insulation resistance in ohms 
V = instantaneous difference of potential 
I = instantaneous leakage current 
Q = instantaneous charge 


The charge Q is given by 


and 


or 


Q = CV 


dQ ^ _^d V 
dt dt 




Separating the variables 
Integrating 


dV ,dt_ 

V CR~ ^ 


i 


log. ^ -^-^ = K 


7 

R 


( 22 ) 

(23) 

(24) 

(25) 

(26) 


where X is a constant of integration to be determined from the 
initial conditions. For this purpose, reckoning time from the 
instant when the leakage begins, the condition to be satisfied 
by the equation is, when ^ =^, 7 = 7.. Substituting these 
values in eq. (26), we have log V „ = K. Replacing K by this 
value, we have 

log. + ^ = log. Vo (27) 

or 


Thus, 


Solving, 


loga Vo - loga 7 


I 

CR 



t 

CR 


R = 


Cloga 


If 

7 


(28) 

(29) 

(30) 


44. Experiment 3. Insulation Resistance hy Leakage. — Con- 
nect the apparatus as shown in Fig. 22 where G is a ballistic 
galvanometer, C the coil imder test, B a storage batterv. and TT 


having all paris well inHiilatc'd; Ihc tank hIiouUI bo phunal upon a 
glaSwS plate or an inHiilat(Hl Klaiul, and can', be taken that no wirc'H 
touch eacli otlu'r, the tabh', or otlu'r ai)paratuH. Since' the 
capacity of the coil doe'H not change' with time', the^ dedle'clie)nH 
of the galvane)ine'te'r are^ ])re)pe)rtie)tial te) the^ ve)ltage aen'e)HH itn 
tenuinalH. (Charge anel eliHcharge iinnu'eliate'ly tluiH e)])jaining a 
defloctie)!! proportie)nal te) T,., Re'pe'al. tliiH ne've'ral tinu'H anti take' 
the average, 'Tlie'n charge' anel plae'.e the' ke'y on t he' pe)int niarke'el 
“Insulate” anel, after alle)wing IT) HocenielH fe)r leakage), again 
discharge anel e)htain a ele*fle'e’tie)n i)re)pe)rtie)nal te) V. liepe*at 
the operatie)!! for the' fe)lle)wing t ime's e)f h'ak; O.f), 1 , 2, 5, 7, 10, 20, 
30 minute's. If, in emmputing the' re'sistane^e, ce>innu)n logarithttw 
are used, the me)elulus fe)r clianging te) natural le)garithmH must he' 
introduced. If t is in Heee)nelH, anel (■ in faraels, H will he e'xpre'SHeel 
in ohms; hut if (' is in inicre)faraelH H will he in me'gohms. The 
formula he'ce)m('H 

It == ' , (HI) 

2.H(W (' log,,, j 

The capacitance f ' eif the* eal)le may ho ejbtaint'el fre»m the' re'latiettj 

Qu f’l n (32) 

whore fc, the constant of the* galvanotneter, in to ho ohtainc'el by 
charging a stanelarel cejndenHor with a Htanelard <*(*11 anel tlin- 
charging through the* galvanornotor, aa explairit'd in Art. 27. 
Measure Fo by an ordinary voltme'tor. Moasuro tho rowistanoo 
of tho wire of tho o.ahlo V)y tho voltmotor-aminotor inothod. using 
for this purposo about 20 amport'a. Dotorrnino alse) tho diamotew 
of the wire by moans of a micromote*r gaugo. 

Report.— 1. (lornputo tho rosistanco of tho oahlo for oaoli 
time of leak from oq. HI, and plot tho inwdatton n'wstiinw in 
megohms a« ordinatoa, and timo of leak as iilwciHstw. It will 
be found that tho rosistaneo In nt)t oonstant hut inorowt^ with 
the time during which it wa« sulijootod to a voltage, approaching 
assymptotieally to a limiting value. This is eharaotoristic of 
all insulators of this class, and, in stating their rfsfiistancos*, 
the time for whieh it was dotorminod muit always Isd »|>octfiod. 




resistance is measured in the direction in which the leakage 
current flows, namely, radially from the wire to the outside, and 
that the longer the cable the less will be the total insulation 
resistance. 

46. The Internal Resistance of Cells. ^ — It is a well-known 
experimental fact that when a cell is delivering current, the 
E.M.F. across its terminals is not the same as on open circuit but 
changes with the current, being less the larger the current. This 
is true not only for cells, but for all electrical generators contain- 
ing internal resistance. Let a cell, having an E.M.F. of E volts 
and an internal resistance of r ohms, be connected to an external 
resistance of R ohms, and let I be the amperes flowing; then the 
rate at which energy is delivered by the cell is El watts. Since 
the cmuent must flow, not only through the external resistance, 
but also through the internal resistance of the cell, this energy 
will be consumed by both of these resistances; PR watts in the 
former, and Pr watts in the latter. Accordingly we have 

• El (R + r)P (33) 

or 

E = RI rl (34) 

This is an equation of E.M.F.’s which states that the total 
E.M.F. of the cell is equal to the external plus the internal 
potential drops. Putting the terminal P.D. equal to E\ we have 

E - E' =rl (35) 

from which it is seen that the internal resistance may be com- 
puted if E, E' , and I are known. In fact, this is the method 
generally employed for cells which are able to furnish a consider- 
able current without polarization; for example, storage cells. 
Suppose such a cell, whose internal resistance is to be measured is 
connected as shown in Fig. 23, where AM, R, and K are an 
ammeter, rheostat, and key, respectively. Let the voltmeter 
(V.M.) be an instrument taking no current, e.g., an electrostatic 
voltmeter, having an infinite resistance. When K is open, the 
voltmeter registers the total E.M.F, of the cell because there 
is no fall of potential across r, as no current is flowing. When K 
is closed, however, the voltmeter registers, not the total E.M.F. 

^ NorthETTP. Mftafiiirfimfint rtf R 


as bclorc, uiu. lik* u'nnuuu = r. -- ri, uic poruon rl 

being consuuic'd in Hending t.lu' currc'nt through r. Reading now 
the current, tlu^ intcu'iud rt'Hi.stanec^ may Ix^ computed from ICcp 
35. In practices, an ordinary Wc'.ston voltmeter may be used 
without appr(H‘.ial)l(^ (‘rror siiuu' the rcssisttiiux' of the voltmeter 
is very large compared with tliat of the cell, and the ir droi) 
within the ec^ll, which is th(' (luantity by which tlu' indicationa 
of the instrument, diffeu* from tlu' total is so small that it 

may be negk'c.tc'il, i Ix'ing tlu' curremt taken by the voltmet(‘r. 


. Fra. 23.— voltmcIcr-Hnaric'ior rti«'th(»<l fdr inOTtidl rcwMlurirc* af 


If, however, the cell is out* that pcjlarisieH rapidly, this method 
cannot be uaed, sinct* A' and A" will depend upon how long the 
current has l)een flowing. This diflieulty may be overcome by 
using a known reHistanee /f and taking th{‘ voltages so {piiekly 
that little or no polari^iation sets in. 'Tlu* current / is given by 

. A E' 

^ /f + r " h' CM)) 

Substituting either of thest* values for /, pref(*rably the latter, in 
eq. (36), we have 

K ~ E' E' (37) 

and solving for r, wt^ have* 



Dasis TOr T/Ilis inetnou is uimu uiu; mwi/ uiuuw nu: 
is proportional to the quantity of clecitricity diHcharged through 
it, and that the charge of a condenser is proportional to the 
potential difference across its terininals; that is 

Q = CE 

where C is the capacity of the condenser. Accordingly, if the 
voltages E and E' are used to charge tlic'. cond(uiser, and these 
charges arc then passed through the ballistic galvanometer, the 
deflections are proportional to the voltages; that is 

Q = Kyd = CE 
or 

E = h d (39) 

Substituting in (38), we have 

_ R{E - E') __ (d » d') 

’ " "" E' d' 

47. Experiment 4. Internal Resistance of a Cell hy Condenser 
Method. — Connect the apparatus as shown in Itig. 24, whore 

B is the cell to V)e tested, C a con- 
denser, 0 a ballistic galvanometer, 
Kyt a charge and discharge key, and 
R a known variable resist.ancc'. Itirst, 
with Ki open, press down thus 
charging the condenser to the total 
E.M.F. of the cell, and discharge by 
allowing K% to rise, obtaining a deflec- 
tion proportional to E. Take several 
readings in this manner and average. 
Then, having set R at a suitable 
value, close Ky, charge and discharge 
as above, opening Ki as quickly as 
possible to avoid polarizing the cell. 
The average of several readings taken in this manner measures 
E'; whence r may be computed. It is well first to practice 
operations Upon a cell other than tlie one to be tested, in order 
to become expert in manipulating the keys quickly and in 
their proper order. In carrying out this experiment, use the 
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(41) 


li+'r 

where E is the total E.M.F. To obtain E, it is noccssary to 
determine the voltage constant of the coiubmscu' and galvano- 
meter system, which is, in reality, the constant of (ui. Ii9. In 
other words, we must measure' the voltage reciiiired to give unit 
deflection. For this purpose replace B by, a standard cell and, 
with Ki open, charge and discharge several times. Substitute in 
eq. (39) and solve for /c 2 . 

Report. — 1. Compute the internal resistancu’; for eac^h differ- 
ent current drawn from the cell and ])lot the former as ortlinales 
against the latter as abscissas. 

2. How do you account for the fach. that th(‘ inh'rnal rc'sistance 
is not constant? 

48. Battery Test. — When a primary battery is furnishing 
current, it polarizes; that is, hydrogem, which is one of the products 
of the reactions going on within, collects on the positive plat('. 
This, together with other ca\ises, diminishes the activity of th(» 
cell. Indeed, the polarization may bc'come so great as to (uiuse 
the E.M.F. to fall to zero. A chemical, (‘.alhal the tlepolarizc'r, 
is introduced to remove the hydrogcui, or (.o pn^vcuit its b('ing 
formed. Cells intenckal for op(m circuit work contain a depolariz- 
ing agent that acts very slowly; thus they polarize rapidly if left 
on closed circuit, but recover if left for a tiim^ on open circuit. 
Cells intended for closed circuit work should polarize very 
little, thus the depolarizing agent should act quickly. Tht* 
deterioration of a cell, when left on open circuit, due to local action 
within the coll, is important, but can best l)c found by actual u»(% 
since it takes too long to tost this in the laboratory. We might also 
run an efficiency test by working the cell to exhaustion; but this, 
too, is better found by actual use. What wo are interested in, 
however, is the behavior of the coll when run on a closed eircuit 
for a given time as the value of a coll is determined by the rate 
of its polarization and recovery as well as by its E.M.F. and 
internal resistance, 

49. Experiment 6. Battery TesV — ^Study in this experiment 
the time variation of: (a) Total E.M.F. on open circuit, (6) the 


quantities are to be measured by the iiu'thods thcire outlined. 
The difference here is that the key Ki is left closed all the time 
except for an instant when it is opened to charge th(^ condc^nser 
for measuring the total E.M.F. As above, ol)tain the rc^adings 
for the E.M.F. and terminal potential differencu^ for the initial 
condition of the cell. Now close Ah, and at the end of a minute, 
charge the condenser and discharge it through the galvanometer, 
thus obtaining the value of the terminal potcmtial differejKio on 
closed circuit after the coll has been d('livering (uirrent for one 
minute. As soon as this is done, open Ah for an instant and 
charge the condenser; then set Ah on “insulate” and again close 
Ai. This key, Ki, must bo opened and (dosed quic.kly, also 
these two readings, i.e., for total E.M.E. and terminal P.D., 
taken as nearly simultaneously as possibkv As soon as the 
galvanometer comes to rest, discharge the c.ondenser through it, 
obtaining a measure of the E.M.E. on open c.irc.uit aftc'r the cell 
had been furnishing current for one minute. This will give a 
measure of the polarization. Repeat these readings (W(U'y minute 
for five minutes and then every five iniuut('.s for twc'nty- 
five minutes more. At the end of this time, o^xm K\ and 
measure the E.M.E. of the goW as it re(X)v('rs for another thirty 
minutes. As above, take readings at first eveny minuter and then 
at intervals of five minutes. Find out from the instruc.tor wliat 
resistance to use for R. Read Exp. 4 Ix'fore attemi)iing this one. 
Practice with another cell as there suggested. 

Report. — 1. Compute the total lO.M.E. and terminal ix)tential 
difference in volts, and internal resistarux^ in ohms. 

2. Plot on one sheet, with time as abscissas, the total E.M.F., 
the terminal potential difference, the internal resistance, and the 
current as ordinates. 

3. Plot also on the same sheet the recovery curve, starting 
at the other end of the time axis, running the curve backwards. 



CHAPTER IV 


MEASUREMENT OF POTENTIAL DIFFERENCE 

60. Description of a Potentiometer.^ — There is, perhaps, no 
single electrical instrument which has so wide a field of usefiilness 
and which gives, at the same time, such trustworthy results as 
the potentiometer. While comparing potentials primarily, it 
may, with proper accessories, be adapted to compare currents and 
resistances as well, and is so easy to maniptilate as to be an 
effective instrument even in the hands of a novice. The funda- 



Fiq-. 26 . — Hiinplo Pc)lont.it)mottM' cirouil. 


mental principle of the potentiometer may be illustrated by Fig. 
25, where MN is a wire of uniform resistance, stretched along a 
scale with equal divisions and supplic'd with current from a 
battery B, whose E.M.F. must be larger than those to be corti- 
pared. If the polarity of B is as shown, M will bo at a higher 
potential than N, and the fall of potential per unit length will be 
the same all along the wire. If the difference of potential between 
M and N is known, the wire may be regarded as a potential ineasur- 
^Lawb, Electrical Measurements, p. 271 . 


of the figure, an auxiliary circuit MAL is providoa, containing a 
galvanometer and key. If tlu^ hattiny A" w('re temporarily re- 
moved and a short circuiting wire slll)stitud(^d in its place, a por- 
tion of the current from B would flow in the shunt (drc.uit from M 
to L, causing a deflection of the galvanometer in a particular 
direction . If, instead, the battery B were nmiovinl, A" would cause 
a current to flow in the direction XMLG, giving a r(W(M-s(^ dcvflect- 
ion. If, however, both batteries are included, and the slider L is 
adjusted until the I R drop in the wire duc^ to th('. currimt from B is 
exactly equal to the E.M.F. of X, no current will flow in the shunt, 
indicated by zero deflection of the galvanometer. Thci currmit in 
the circuit BNM is then just the same as though tlu^ shunt were 
disconnected. If the potential drop per unit Icmgth of the slide 
wire is known, X may be directly determined, for we have 

X = plU, (1) 

whore p is the resistance per unit length, and k the length required 
for balance, pi may be dctermiiKHl' by substituting for A'' a coll 
>S of known E.M.F. and balancing as before. Lot k bo the length 
required for this balance. Then 

.S = pIU (2) 

Whence 

pi = f ' ( 3 ) 

h 

and 

■ X = (.1) 

h 

The unknown E.M.F. is thus obtained in terms of <5? by a direct 
comparison of the lengths U and U, If the fall of potential per 
unit length of wire were some decimal fraction of a volt, the 
unknown X could be read from the slide wire directly, thus avoid- 
ing the calculation indicated. The method of accomplishing 
this may be illustrated by the following example; Suppose the 
slide wire MN contains 200 divisions, and the fall of potential 
between M an X is 2 volts. The fall of potential per division 
is then .01 volt. Let the standard cell have an E.M.F. of 
1.0185 volts. Set the slider at 101.85 divisions, include S in the 
shunt circuit, and obtain a balance, not by moving the slider, 
but by varying the control resistance C, thereby changing the 



io carry out comparisons witn great accuracy, a very long wire', 
having a high degree of uniformity, is obviously nocc'ssary. 
Since such a wire is difficult to obtain, and inconvenient to use, it 
is customary to substitute for it two resistances, as shown in 
Fig. 26. If the sum of R\ and R'i is kept constant, they together 



Pia. 20. — Potontiomotor ronRtruc>t.ocl from rosiHttuvoo boxoB. 

are equivalent to a wire of fixed length, and an increase in Ri 
accompanied by an equal decrease in H 2 ia equivalent to moving 
the slider of Fig. 25 to the right, while an increase in R^ and a 
decrease in Rx moves it to the left. Balances may easily be ob- 
tained, the conditions for which are the same as outlined abovtn 
For example, when a balance has been obtained with A" in circuit, 
we have 

X = R]i. (5) 

where Ri is the resistance required for balance and i, the current 
flowing through the potentiometer, i.e., through CRxRt. This 
current, which may be obtained by balancing against the^ stand- 
ard cell S, is given by 


S Ri'i or i 


Cf 

R'l 


( 6 ) 


It must constantly be borne, in mind that the above relations 
require that i should remain constant durinfi; the entire proc(^ss, 
which will be true only when tlie sum of the resistances, 

7^2 = C is unchanged, and the E.M.F. of B is constant. This 
arrangement may be made “Direc.t Heading” if i is a known dec- 
imal fraction of an ampere. This may be accomi)lisluul by giving 
to R'\ a vahu' having the same signi^i(^ant figures as tlu^ E.M.F. 
of the standard (u'll, and balancing by varying For example, 
suppose, as above, B = 1.0185 volts and the boxes used have 
resistances in the neighlxu'hood of 20,000 ohms. If Li'i = 10,185 
ohms, when a balance has becui reached 


I = 


1.0185 


1 


ampere, 


10,185 10,000 

and the fall of potential across each ohm is 


1 


of a volt. 


10,000 

Replacing now by Z and balancing again, leaving C undisturbed 
and keeping Ri -j- R 2 constant. 


Ri 

10,000 


(8) 


61. Standard Potentiometers.— In order to avoid the necessity 
of providing two exactly similar boxes, making the various con- 
nections as explained above, and transferring plugs from one to 
the other, it is convenient to have a single instrument, including 
all resistances, switches, keys, et{!., provided with binding posts, 
to which the various E.M.F.’s may bo connected. A number of 
such potentiometers are on the market, three of which will be 
described. 

1. The Leeds and Northrup Potentiometer . — The arrangement 
of this circuit, which is the simplest of those to be studied, is 
shown diagrammatically in Fig. 27, in which the letters c'm-re- 
spond, as far as possible, to those used in Fig. 26. The potentio- 
meter circuit proper, BNMC, consists of 16 coils of 6 ohms each, 
and a long slide wire NO, also of 5 ohms. This circuit, in normal 
operation, carries one fiftieth of an ampere, giving across each 
coil as well as the slide wire, one-tenth of a volt fall of potential. 
The circuit, containing the unknown notential is included between 


while Rz consists of two parts, namely, the right-band jiortion of 
the slide wire, and the resistance to the left of T. The slides 
wire, shown in the figure by a single turn, in reality consists of 
ten turns wound on a marble cylinder and is al)out .17 fc'ot in 
length. The fall of potential across each turn is thus .01 volt, 
and, as the dial circle is dividend into 200 parts, the instrument 



reads to directly .00005 volt. By moving tlu^ slicku’ L and the con- 
tact T, the difference of potential may Ixi varical by infinitesimal 
changes from 0 to 1.6 volts. 

The range of the instrument, for small (‘lectromotive forces, 
such as those furnished by tlu'rnio-eouples, is incrcuisctd tenfold 
by means of a shunt. As seen from the diagram, wluui the plug P 
is inserted in the hole marked .1, the shunt S, wliich contains a 
resistance of one-ninth that of the potentiomeUw projier, is con- 
nected across the entire circuit, so that only oiui-tcmth of the 
normal current flows through the potentionu'hu' proper. In 
order that the current from the battery H may ixunain unchanged a 
resistance K is automatically included, thus k(H‘ping tlu* rewis- 
tanoe of the entire circuit the same. A ready mtums of standard- 



is brought out, and connoctcd, when the seleeting switch(\s arc 
thrown toward the left, through the galvanometer and standard 
cell to the contact F. The fall of potential from the .6 plug to 
M is 1 volt; from M through the resistance to FJ is .018 volt, and 
from i? to F as many ten-thousandths of a volt additional as may 
be required to equal the E.M.F. of any normal Weston coll 
within the ordinary range of temperature (1.0180-1.0204 volts). 



Fia. 28.— Looda and Northnip potontiomoto. 

It is thus possible to check the potentiometer current without 
re-setting the instrument. The operation then is as follows: 
Set the standard cell dial to correspond to the E.M.F. of the cell, 
corrected for temperature. Move the selecting switch to the 
left, set P in the hole marked 1, and vary the control resiatanco 
C (usually mounted at the right-hand end of the instrument) 
until a balance is obtained. One-fiftieth of an ampere, the nor- 
mal current is now flowing. Move the selecting switch to the 
right, thus including the unknown E.M.F. , and vary T and L 
until the balance is once more obtained, when the unknown may 
be read directly. If it is less than .16 volt, set P in the .1 hole, 
and balance again, when the reading of the instrument must bo 
divided by 10. The complete inatraraent is shown in Fig. 28. 

2. The Wolff Poientiometer.-~--The fundamental principle of 

this inatniinent is shewn bv tbe simnliflAZ-l nf Tflo* 
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the auxiliary circuit FL is connected, must bo continuously 
variable. By moving F and L, changes of 1,000 and 100 ohms, 
respectively, are obtained, without changing the total resistance 
as is at once obvious. The resistance coils connected by the 
double sliders are sets with units of 10, 1, and .1 ohms respec- 
tively. These double sliders are mounted so as to move together, 
but arc insulated from each other and connected in circuit as 



shown in the diagram. If the pair at the loft is moved one divi- 
sion to the right, it is evident that the resistance between N and 
L is increased by 10 ohms, while that between F and L is dcicn^ased 
by the same amount, thus leaving the resistance betwc'en M 
and N unchanged. In the same way, the middle pair of sliders 
produces changes of 1 ohm each between F and L leaving MN 
unchanged, while the right-hand pair produces changes of .1 
ohm each. Shifting any one of these sliders, therefore, is equi- 
valent to moving the slider L of Fig. 26 by definite amounts. 

The actual wiring of the instrument, mounting of the sliding 
contacts, connections to accessories, switches, etc., are shown in 
Fig. 30. The control resistance K is not included in the instru- 
ment. Any ordinary resistance box capable of small variations 
will serve for this purpose. The total resistance of the instru- 
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tance, cutting out tlic galvanojiiotoi’ rc^Histancc; uh a balanc.o in 
approachod. This operation standardisscis thc'. cuiTcnit at oiui 
ten-thousandth of an ampere!. Now switch to XX and balaiuio 
by sotting the large dials, when tlui unknown may bo road off 
directly. In chocking thc potentiouKvlxu- current, which must 
frequently be done, it is not noc.essary to change th(i dials 
from their positions .when balanced on the unknown lO.M.F. 

3. The Tinsley PotentiomMer.—Tho working diagram for this 
instrument, which is unique in that it employs an olootrieal 
vernier, is shown in hhg. 31. Seventeen coils, with a resistance 
of 5 ohms each, connected in series with a short slide wire of .5 
ohm, form the potentiometer circuit proper MN, while the auxil- 
iary circuit is FGL. Attached to a movable arm arc two sliding 
contacts, so spaced that they always rest upon two alternate 
posts, leaving one post between them as indicated. This pair of 
contacts is connected to a second series of 10 coils of 1 ohm each. 





When the normal current of one-fiftieth of an ampere is flowing; 
through MN, the fall of potential between adjacent posts is .1 
volt. However, the fall of potential between the posts connect(Hl 
by the pair of contacts to the second series of coils is also .1 volt, 
since the two coils of the main circuit arc now shunted by a resis- 
tance equal to their own, giving a resultant resistance between the 
contacts equal to that of a single main circuit coil. Between 
adjacent posts of the second series there is a(*-cordingly .01 volt 
fall of potential, and across the slide wire there is also .01 volt 
potential difference. This instrument, like tlie Tjeeds and North- 
rup, is provided with separate connections for the standard vA\, 



so that it is not necessary to re-set all of the slichu’s when checking 
the current through the potentioim'ter circuit ])i-op{n’. A stand- 
ard cell lead is i)ermanently attached to post number 7. Across 
the ton coils between it and post 17 th(u•(^ is, nciciordingly, 1 volt 
potential differtmee, and in sericis with tlu'. main (sircuit is another 
coil shown at the left of 17, of such a valiu'. that, with the normal 
current flowing, the fall of potential across it is .01811 volts, and to 
the other side of this, the second standard cell h'rminal isatiacluHl. 
Unlike the Leeds and Northrup instrument, this coil cannot l)o 
varied to compensate for variations in tlie E.M.L. of th(‘ standard 
cell due to temperature changes, but the value 1.0183 volts is 
sufficiently accurate for ordinary piirpost's. 

The wiring connections, switches, etc,, are shown in Fig. 32. 
The control rheostat is included in the instrument, and consiste 
of the dial in the right-hand corner and the slide wire imnuHliately 
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feature of great importance in thornio-(H)iiplo work. In using 
the instrument, set the shunt plug in the hole marked X by 1, 
and the two-point switch below the middle dial on SC. The 
first dial must be set so as to shunt none of the coils above the 
seventh, otherwise, the resistance over which the standard cell is 
to be balanced will be reduced effectively by one coil. A good 
rule is to set this dial always at zero when balancing on the stand- 
ard cell. Obtain a balance by changing first the rheostat and 
then the slider above it, which is provided with a slow motion 
screw for the final setting. Use in this coniK'ction tlu' key mark 



Fig. 32, — Wiring diagram of Tinnlcy potontiometor. 

SC. The current is now exactly one-fiftieth of an ampere and the 
instrument is standardized. To measure the unknown, simply 
move the two-point switch to Potl., and balance by setting the 
two dials and the lower slide wire. If the unknown is less than .2 
volt, use the shunt as explained above, dividing the reading by 10. 
In carrying out any measurement, the current through the 
instrument should be checked frequently. 

62. The Weston Standard Cell. — Wliilo the leffal definition 
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world, may, by following definite specifications, construct cells 
of this type and be sure of securing E.M.F.'s which agree within 
less than 1 part in 10,000. This cell is usually set up in an air-tight 
H-shaped vessel, as shown in Fig. 33, with platinum wires scaled 
through the bottoms for connection with the electrodes. The 
positive (dcctrode consists of pure mercury while the negative is 
an amalgam of cadmium and mercury. These arc placed in th(i 
bottoms of the tubes, and a solution 
of CdS 04 with a few extra crystals to 
insure saturation, forms the electro- 
lyte between them. To protect the 
mercury against contamination by 
the CdSO.! and at the same time 
prevent polari^iation, a thick paste, 
consisting mainly of mercurous sul- 
phate , is placed over the mercury. As 
the cell operates, the cadmium ions 
from the (klSC).; solution displace 
some of the ions from the mercurous 
sulphate paste and mercury is de- Fw. 33.— WostouHtuudard coil, 
posited upon the mercury electrode. 

One of the advantages of this cell over former types is that its 
electromotive force changes but very little with the temperature. 
The electromotive force of a cell which has been set up with care is 
given, with accuracy sufficient for most purposes, by the equation 

El = Eao - ().000()406 {I - 20” (9) 



Thiit is, the E.M.Pb decreases 0.0000400 volt for each degree the 
temperature is raised above 20® C., and increases by the 
same amount for each degree below 20° 0. This quantity is 
called the temperature coefficient. Since standard cells are never 
used as a source of current, but merely for balancing potentialH or 


nished in the laboratory are mounted in a brass tube, with a hard 
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to insert a thermometer. The E.M.P. of the individiial eelk 


shown in Fig. 26, Art. 50, omitting the control rosistanc(5 C, 
and using for Ri and two exactly similar boxes. B should be 
a cell of constant E.M.F., preferably a portable storage battcuy. 
Obtain from the instructor a standard and sevcu-al unknown cells 
whose E.M.F.’s are to l)e determined. The high resistance 
marked H.R. need not be known accurately, siruu' its purpose is 
merely to protect the galvanometer and standard c('ll from 
excessive currents when the potentiometer is fn,r from balance. 
It is well to start this at about 10,000 ohms, gradually rc'.ducing 
it as a balance is approachc'.d. Be sure that tlu'. double pok^ 
double throw switch for connecting iS and X in cire.uit is not 
provided with cross wires, as they would short cire.uit the c.(‘lls. 
To keep Ri + R^ constant, as required in the theory, start with 
all the plugs out of Ri and all in R‘x, and obtain a balaiH'.e by 
transferring them from their places in one box to tlu^ corr(VSj)ond- 
ing holes in the other. Ri + Et will then always remain equal to 
the total resistance of one box. To test whether the polarity of 
the colls is properly arranged in the two circuits, lirst rock the 
double pole double throw switch on X, break the i)otcmtiomet(n’ 
circuit at B, tap the key K lightly, and note the dirtu'.tion of 
swing of the galvanometer. Now close again tlu^ circuit at B, 
remove the wires from the middle posts of the double', pole double 
throw switch, and join them. The galvanometer should swing 
in the opposite direction on tapping the key. First, securer a 
balance on X; then rock tlu^ switc.h over and balance on *S', 
afterwards checking your balance on A"", to raak(i sure that tlie 
potentiometer current has not chang(^cl during the procu^ss. 
Reverse the connections at B, also on the auxiliary circuit, and 
proceed as before, taking the average of the two results thus 
obtained. This is necessary to eliminate errors due to spurious 
contact and thermal E.M.F.’s within the potentiometer. 

B. Direct Reading Poteniiorneter. -—IncludQ in the potentio- 
meter circuit the control resistance C, as shown in Fig. 20. 
Determine the temperature of the standard cell and its E.M.F. 
corrected for this temperature. Set Rx to have the same significant 
figures as this E.M.F. , using the largest multiple possible, and 
put Rz equal to the difference between the total capacity of 
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sum constant. The reading of Ih, when properly pointed off, 
gives X directly. After each lialancc on X, the setting on the 
standard cell should be checked and C changed, if the current 
has not remained constant, which, of course, necessitates a new 
balance on X. Now reverse terminals as in Part A, and repeat, 
taking the average of the two results. 

Report. — 1. Give values of E.M.F. for all cells compared, 
and wh('r(^ temperature corrections are known, reduce to 20° C. 

2. Suppose a balance has been obtained without H.R. in 
circuit. Now include PI.ll. Plow will the balance point be 
alfected? Why? 

3. What is the maximum E.M.F. that may be measured 
by the direct reading potentiometer, as you have used it in this 
experiment? 

64. The Volt Box.-— In standard potentiometers, operated on 
normal current, the maximum difference of potential which may 


be measured directly never exceeds two volts and is usually even 
less. When it is desired to measure voltages in excess of this 


Fio. 34."— Volt box. 



blocks to which the coils are attached arc provided with sockets 
for receiving traveling plugs. The voltage to be divided is 
impressed across the terminals and the fraction to be measured 
is obtained across the traveling plugs, which may be set at any 
points desired. By Ohm's law, the voltage across the traveling 
plugs is such a fraction of the total voltage as the resistance 
between the traveling plugs is of the total resistance. If the 
resistance of the volt box is 10,000 ohms, the drop across 1,000 
ohms is one-tenth of the total; that across 100 ohms, ono-hun- 
dredth of the total, and so on. It is simpler to use decimal ratios 
wherever practicable. Special boxes arc mad(’, in which those 
ratios are obtained by setting a dial switch or a single plug as 
shown in Fig. 34. 



Fig. 36. — Connections for standardising a volt meter. 


66. Experiment 7, Calibration of a Voltmeter by Potentio- 
meter and Volt Box.’ — The method, in brief, consists in impress- 
ing across the terminals of the voltmeter various voltages and 
measuring these voltages by means of a potentiometer provided 
with a volt box. The connections for this purpose are shown in 
Fig. 35. VM is the voltmeter to be calibrated; LO the volt 
box; RS a high resistance rheostat with a sliding contact for 
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attached to the potentiometer. The voltage of B should 
sufficient to give full scale deflection of the instrument. Xls(‘ 
any one of the potentiometers described above, following tlu^ 
directions given for each instrument. After the eonne(‘,tionH 
with the potentiometer have been properly made and its eurremt 
adjusted by balancing against the standard c(dl, throw th(^ 
selecting switch to the point marked “unknown.” Set tiu' 
slider of the rheostat RS so that the voltmeter indicatc^s about 
one-tenth full scale deflection, and choose the largest decimal 
ratio of the volt box giving a voltage within the range of the 
potentiometer. Measure this voltage with the pot(‘.ntiom(d,er. 
In a similar manner check the voltmeter at 8 or 10 points dis- 
tributed uniformly across the scale. Test the constamty of the 
Dotentiometer current frequently by re-balancing against the 
standard cell. Record voltmeter readings, potentiometer set- 
tings, and volt box ratios. Note carefully the jscu’O reading of 
the voltmeter before beginning the test and again at tins end, 
after it has been deflected for some time, to seci if the springs 
show any clastic fatigue. With about two-thirds f\dl scale 
deflection, place the instrument in a vertical position to test the 
accuracy with which the moving system is balanced. Bring 
another instrument near this one, and see if there is any eflcct 
from external magnetic fields. Tap the instrument gently with 
the finger to see if the bearing friction is large. Does the pointer 
swing past its final position when a voltage is suddenly thrown 
on? 

Report. — 1. Obtain the differences between the readings of 
the instrument and true voltages, and plot these corrections as 
ordinates against readings of the instrument as abscissas. Draw 
in straight lines connecting these points. 

2. State your findings regarding the irnpcudoctions of tlio 
instrument. 

3. Would it indicate on alternating voltages? 


CHAPTER V 


MEASUREMENT OF CURRENT 

66. Kelvin’s Balance.— This is an instrument for the measure- 
ment of current in which use is made, not of the action between 
the magnetic field of a current and a permanent magnet, as in 
the case of galvanometers and ammeters, but of the action 
between the fields of two currents. It consists of six flat coils 
placed horizontally, four of which are fixed while the other two, 
mounted at the ends of a beam pivoted at the middle, are movable. 
The general arrangement is shown in Fig. 36. The current to be 
measured passes through all six coils in series, flowing in each in 



such a direction that A and C both urge E downward, while B and 
D urge F upward. The force of attraction or repulsion between 
two coils is proportional to the current in each. Accord- 
ingly, when the coils are connected in series the force between 
them is proportional to the square of the current. Thus, the 
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and the length of the lever arm, we have, as the condition for 
equilibrium, 

KP = WL (1) 

where W is the weight of the slider, L its distance from the zero 
position, and K a constant depending upon the construction of 
the instrument. Solving 

( 2 ) 

or , 

I = const. \/ L (3) 

The constant is generally so given that one must use the 
doubled square root of the length L, and, to facilitate observa- 
tions, tables of these quantities have been prepared. For I’ough 
work, however, a fixed scale is mounted directly beliind and a 
little above the movable one, from which th(^ doubhul sfiuarc 
root may, with fair approximation, be read directly. Siuc.c'. the 
constant depends upon the wtnght of tlui slider, a means is 
afforded for changing the range. Four weights ar(^ usually 
supplied for which the constants are 0.025, 0.05, 0.1, and 0.2, 
giving ranges of 1.25, 2.5, 5, and 10 amperes, r(^s])e(5tively, 
since the movable scale has G25 divisions, giving a doubh^d stiuare 
root of 50. 

As with an ordinary balance, the beam must Ix^ in equilibrium 
for no load, that is, no current flowing through tlu^ coils. If (Ik^ 
index at the (md do(\s not read zero, {upiilibrium juay Ix' obtaimxl 
by moving a small metal flag attacluxl to the moving sys(.('m so 
as to throw more of its weiglit to one side or th(^ oilier, as is 
required. A special device mounted on the base and op(«rat('d 
by a handle below the case is provided for this puri>os('. Tlie 
movable system is carried by flexible ligaments made up of a 
number of fine phosphor-bronze ribbons iilaccxl side' by sid('. 
As these arc delicate and easily broken, an arix'slment is provided 
which is operated by a milled head at the bottom of the case. 
Weights should never be changed without first raising the 
arrestment. Since the balance must bo in equilibrium for zero 
current, no matter which weight is used, there must be a scqiarate 
counterpoise for each. These consist of brass cylinchu’s, provided 
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current, the instrument may be used cither on direct or alternat- 
ing currents, indicating in the latter case, root mean sciuaro 
values. Figure 37 shows the usual laboratory 
form of the Kelvin’s balance. 

67. The Siemens Electrodynamometer. — 
This is another current measuring instru- 
ment working on the principle o^ tlu^ ehuitro- 
dynamic action between two coils carrying 
currents. The coils are rectangular in form 
and placed perpendicuhir to oiui another, as 
shown in Fig. 38. The movalilc coil, CF, 
which is placed outside the fixed coil AB, is 
carried by a fine point resting in a jewel and 
the current is led to and from it by wires 
dipping into mercury cups at a and h, situated 
one above the other in the axis of rotation. 
One end of a helical spring S is attached to 
the moving coil, while the other is fastened 
to a milled head D carrying an index read 
from a fixed circular scale. When a current 
flows through the two coils in series, the 



rangement of coils 
in Siemens electro- 
dynamometer. 


xionai to tne square ox tnc current since tne cons are xn seriijs, 
while that due to the spring, by Hooke’s Law, is proportional to 
the angle through which it is twisted. Accordingly, we have, as 
the condition for equilibrium, 

P = AV 

or _ 

I = A"\/ <i> 

where A is a constant depending upon the size of the coils, number 
of turns, stiffness of spring, etc, and the angle through which the 

spring is twisted. The range of the instrument is changed by 
varying the number of turns in 
one of the coils. The instru- 
ment usually has two fixed coils 
with separate binding posts on 
the base. Since the magnetic 
field of these coils is small, that 
of the earth is appreciable in 
comparison and may introduce 
an error. For example, if the 
earth’s field is in the same direc- 
tion as that of the fixed coil, the 
instrument will read too high, 
while if the earth’s field is oppo- 
site, it will read too low. This 
error may be eliminated by re- 
versing the currents and taking 
the average. Since the direction 
of rotation of the movable coil is independent of the direction of 
the current, the instrument will indicate on alternating currents 
as well as direct, giving in the latter case, root mean square 
values. It may accordingly be calibrated on dircuit and UH('d 
on either direct or alternating currents. Figure 39 shows the 
usual form of Siemens electrodynamometer. 

68. Experiment 8. Calibration of an Eleclrodynamomeler^-— 
In this experiment, an electrodynamometer is to be calibrated 
in terms of a Kelvin balance, which is taken as the standard 
instrument. Connect the instruments in series on a 20-volt 




to observe roughly the currents used. i3otii instruiuenrs niusij 
first be leveled and adjusted for zero on no current. Begin with 
the lowest range of the Kelvin balance. For this use the carriage 
alone and the smallest counter weight. When the limit of this 
range has been reached, raise the arrestment, open the case, and 
push the carriage moving mechanism a little to one side bringing 
it forward enough for clearance. Place the first additional weight 
upon the carriage, and the second counter-poise in the trough. 
Whenever new weights are put in position, the zero must be 
rechecked. Measure in this way the currents for ten points on 
the electrodynamometef, talcing them a little closer at the 
lower end of the scale. Record electrodynamometer readings, 
Kelvin balance readings, and number of counterpoise. 

Report. — 1. Compute the current for each setting of the 
instrument, also the constant A in equation (5). 

2. Plot current as ordinates and settings as abscissas. What 
is the shape of this curve? 

3. What is meant by the root mean square value of an 
alternating current? 

4. Name some other electrical instruments operating on the 
principle of the electrodynamometer. 

69. Ammeters and Voltmeters.^ — An ammeter, as the name 
implies is an instrument for measuring the current flowing in a 
circuit; while a voltmeter, measures the difference of potential or 



Fia. 40. — Connections for ammeter and voltmeter. 


electrical pressure existing between two points Since the former 
indicates, at any instant, the rate of flow of electricity through a 
conductor, it must be placed in series with the circuit, so as to be 
traversed by the entire current; while the latter, being a pressure 
gauge, is connected in parallel with the circuit, and carries a very 
small current, which in general may be neglected. The regular 
method of connecting these instruments is shown in Fig. 40. 

1 Jansky, Electrical Meters, chap. III. 


use, eacn navmg iis pamcuiai neiu oi appuuauun, uiiuau 
employed in direet current work are of the “moving coir’ typo, 
and are the only ones which will be considered here. The 
working parts of instruments of this class are the same in both volt- 
meters and ammeters, the differences between them being only 
in the method of connection. The instrument proper is, in reality, 
a low sensibility, portable D’Arsonval galvanometer, consisting 
of a coil of fine wire, well-balanced, and pivoted between the poles 



Fifj. 41. — Working partu of WoHton iimmotor. 


of a strong, permanent horse-shoe magnet. The magnetic flux 
through the coil is increased by placing within it a cylindrical iron 
core, while the air gap is further reduced by pole tips shaped in 
such a manner as to make the field as nearly radial as iK)HHil)le, 
with respect to the axis of the coil. In this way, the torcpie acting 
upon the coil, when traversed by a current, is indc^pendent of its 
angular position, the condition necessary for equal scale divisions. 
The current is led to and from the coil by spiral springs, whic.h 
furnish also the opposing torque. The current sensibility of such 
an instrument is such that a few thousandths of an ampere, or 



low) such that it gives, when carrying the niaximiini current for 
which it is designed, a fall of potential across its t<u’iiiinals equal 
to that required for full scale deflection of the iTistriunent, For 
example, suppose 50 millivolts are required for full scale deflec- 
tion, and an ammeter reading to 25 amperes is desired; the resis- 
tance of the shunt must be 

Ji = .002 ohms 

25 


By the law of shunts, the current through tlu'. instniiiK'.nt (neg- 
lected in the abovc^ calculation) is proj^ortional to that through 
the shunt; and if the scale is divided into 25 equal parts, we have 
an ammeter of the desired range. 


Ki)i 


5 

Fiu. 42.— Iiitornid conuoctions 
for ammeter. 



Fui. 'in. ln(.oriiiil connoetionH 

for voU meter. 


The same instrument may be used as a voltmctcn*, if, instead 
of the shunt, it is connected in scries with a largo resistance H, 
Fig. 43, of such a value that, when the ihaximum voltage to be 
measured is impressed across the outside terminals of 0 and R, 
the drop across the instrument is that required for full scale deflec- 
tion. For example, suppose the instrument, as above, requires 50 
millivolts for full scale deflection, that it has a resistance of 10 
ohms, and that it is desired to construct a voltmeter reading to 
100 volts. By Ohm's law, R, is given by the following equation: 

.050 10 

99:95 “ R 


R 


10 X 99.95 
~ :05 


19,990 ohms 


Whence 


MEASUREMENT OF CURRENT i ( 

Since the current through the instrument is proportional to the 
external voltage imprcsBcd, if the scale is divided into 100 equal 
parts, we have the voltmeter required. In some instruments, 
e.g., Weston, especially for low ranges, the shunts and scries 
resistances, or multipliers, as they arc generally called, arc placed 
within the case and cannot be seen; while in others, e.g., Siemens 
and Plalske, and R. W. Paul, they are mounted outside the case 
and are detachable. The latter have the advantage of being 
interchangeable, so that the same instrument, when provided 
with a series of shunts and multipliers of appropriate values, 
may serve either as a voltmeter or as an ammeter with any num- 
ber of ranges for each. 

60. Experiment 9, Electrical Adjustment of an Ammeter and a 
Voltmeter . — It is the purpose of this exercise to illustrate the 
fundamental principles of construction and operation of moving 
coil ammeters and voltmeters. For this purpose, a Wc^ston 
switch-board type instrument, with transparent case, has 
been provided with an ad justalde external shunt and series 
resistance. It is to be standardized and tested, first as an 
ammeter, and then as a voltmeter. In order to accomplish 
this, it is necessary to know tliree things concerning the instru- 
ment: (1) Resistance; (2) current sensibility; (3) millivolts for 
full scale deflection. 

1. The resistance of the instrument may be obtained directly 
by means of a Wheatstone bridge. Set the ratio coils Fig. 15 
with 100 ohms in the right-hand bank and 10,000 in the left. Be 
careful to connect the instrument so that the pointer moves for- 
ward when operating the bridge. 

2. To find the current sensibility of the instrument, which is 
defined as the current for unit scale deflection, connect it in 
series with an adjustable known resistance and a cell whoso 
E.M.F. has been determined. In all the tests to be carried out, 
remember that the instrument is very sensitive, requiring but an 
exceedingly small current for full scale deflection. Accordingly, 
a resistance of at least 1,000 ohms should be included before tho 
circuit is closed. Determine the resistances corresponding to 
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law as the product of the rosistancio, the ciirrcuit seiisihility, and 
the number of scale divisions. 

Pari I. Ammeter . — It is required to construct an ammeter of 
range 0-5 ampercS; from the instrument and adjustal)le shunt. 
From Ohm’s Law, find the resistance, whieii, wlum carrying 5 
amperes, gives a potential drop across its t(u*minals (upial to the 
voltage required for full scale dc'.flection of the instrument. 
Measure the total resistance of the adjustable slnint by means of 
the bridge used above, correcting for the leads, and find what 
length of wire is necessary for the required shunt resistance. 



Fio. 44.- — (loimootiouH for toHtins: imi)r(»viHotl iimmotor. 


Now connect the instrument, as shown in Fig. 44, where SA. 
is a standard ammeter and B, a storage battery of 0 volts, setting 
the shunt at the computed value. Check your ammeter against 
the standard ammeter at 8 or 10 points uniformly distributed 
across the scale. Now compute, as above, the shunt resistance 
required in order t|jiat your ammeter may have a range of 0-2.5 
amperes, and test i| in the same manner. 

Part 11 . Voltmeter . — It is required to construct a voltmeter 
of range 0-50 voltsj from the instrument and an adjustable scries 
resistance used as a multiplier. From Ohm’s law, compute the 
resistance which, when placed in series with the instru- 
ment, will give the potential drop across it necessary for 


any voiLage oeiween u ana ou may ue impresscu acroHS wic mHi-ru- 
ments. Check your voltmeter against the standard at 8 or 10 
points evenly distributed across the scale. 

Report. — 1. Make a sketch of the instrument describing in 
detail the essential working parts. 

2. Outline the general principles involved in adapting it to 
measure currents and potential differences. 

3. Give in full your data and computations for shunts and 
multiplying resistances. 



4. Give data and curves for your ammeter and voltmeter 
calibrations. 

5. In calculating the resistance of the sliunt, in Part I, the 
current through the instrument was neglected, ('ompute the 
error thus made. 

61 . Measurement of Current by the Potentiometer. — Sinco 
the potentiometer measures potentials only, ciuTfuit measure- 
ments made by it must necessarily be indirect. For this purpose, 
use is made of a carefully standardized resistance c.apable of 
carrying the current to be measured without appreciable^ heating. 
The potentiometer measures the fall of potential aeross its termi- 
nals produced by the current, which is then determined by Ohm's 
law. If the resistance has some decimal value, the value of the 
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Resistances for this purpose must bo provided with two pairs of 
binding posts, one for current and the otluM-, for pobuitial. The 
potential leads are soldered secairc^ly to tlu^ i)osts Ix'tween the 
current terminals and the effectiv(i resisi.aiie-e is only that betwecni 
the points to which they are attaclu'd. .Errors from imperfect 
connections are thus eliminated. Such resistnu(H\s sliould he 
placed in an oil bath to kec'.p the t(nui)(‘ratur(^ e.onstant. The 
largest resistance giving, for the desin'.d current, a potenlial 
dilfercncc within the range of the potentionu^hu’ should Ix^ usc'd, 
62. Experiment 10. Calibration of an Ammeter by Potentio- 
meter and Standard Resistance.' — (Connect tlu^ ai)paratus, as 
shown in Tig. 46. AM is the ammetcu' to be testcul, li a storage 
battery of 10 volts, a rheostat for controlling tlu^ current, and 


a b 



R a standard oil-cooled resistance provided with current and 
potential terminals. The loads ah are to bo connected to the 
potentiometer. In connecting up the potentiometer and stand- 
ardizing the current through it, follow the directions for the 
particular type of instrument given in Chap. IV. After the 
potentiometer has been adjusted, cause such a current to flow 
in the ammeter circuit as will produce about ono-tonth full sciale 
deflection and measure the fall of potential across H by means of 


decimal value, it is merely a question oi properly pointing on r nis 
indication. In a similar manner, chock the ammeter at 8 or 10 
points distributed uniformly across the scale. The balances 
against the standard cell should frequently be tested and any 
variations in the potentiometer current compensatetl. 

Record ammeter readings, potentiometer sevttings, and tlu^ 
value of R. Note carefully the zero reading of the amnu'tin' 
before beginning the test and again at the end, after thc^ point (M’ 
has been deflected for some time, to see if tliere is any cdastici 
fatigue in the springs. With about two-thirds full se.alc', dc'flt'c- 
tion, place the instrument in a vertical position to test the 
accuracy with which the moving system is balanced. Bring 
another instrument near this one to sec if there is any effect diu^ 
to external magnetic fields. Tap the instrument gently with 
the finger to see if the bearing friction is large. Does the pointen* 
swing past its final indication when a current is suddenly thrown 
on? Record changes in reading in all of the aboves cases. 

Report. — 1. Compute the differences between the readings of 
the instrument and true ampori^s. 

2. Plot those corrections as ordinates against ammet(*r 
readings as abscissas. Draw straight linos connecting tliese 
points. 

3. State your findings regarding the imperfections of the 
instrument. 

4. Would it indicate on alternating (nirronts? 
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MEASUREMENT OF POWER 

63. Wattmeters.^ — Whenever a current flows in a circuit, 
there is a certain amount of energy consumed by the circuit, and 
any instrument which measures the rate at which energy is 
consumed is called a wattmeter, from the fact that electrical 
power is generally measured in watts. Three kinds of watt- 
meters are in common use; namely, indicating, recording, and 
integrating. Instruments of the first kind show the power that 
is being consumed at any instant; those of the second kind make 
a permanent record on a revolving dial of the power consumption 
during a given period of time; while those of the third kind show 
the total energy, that is, the integral of the power times the 
time, delivered to a circuit during a definite period. Instruments 
of the first kind only will be considered here, and of the various 
types in use, only one will be discussed, namely, the 
electrodynamometer type. 

64. Use of an Electrodynamometer for the Measurement of 
Power. — In case a steady current is flowing through a circuit, 
the power is given by the product of the current and the fall of 
potential across the circuit, or 

Watts = Amperes X Volts 

The watts may, therefore, be measured by simultaneously reading 
an ammeter and a voltmeter. If, however, a single instrument 
can be devised which will give indications proportional to both 
current and voltage, it will automatically indicate their product, 
and may be calibrated to read watts directly. In the discussion 
of the electrodynamometer, it was pointed out that the torque is 
proportional to the current in both the fixed and movable coils. 


and is connected across the circuit like a voltmeter and carries a 
current proportional to the voltage. The torque is proportional, 
therefore, to amperes times volts, hence, to watts. This is the 
principle underlying the Weston Indicating wattmeter, the 
connections for which are shown in 3*'ig. 47. A and B are scries 
coils consisting of a few turns of heavy wire through which the 
total current flows, while C is a voltage coil of many turns of fine 
wire. It is connected across the load at the points If and K, and 
is mounted so as to turn about an axis through its geometrical 
center perpendicular to the plane of the paper. Attached to the 
axle carrying this coil, is a pair of spiral springs, not shown in tlie 



Fig. 47.— Sohomatio diagram for Pia. 4H.—Diagram allowing com- 
Weston wattmeter. penaating and multiplying ooila for 

Weaton wattmeter. 


figure, whose restoring torque, as the coil is rotated, opposes that 
due to the electrodynamic action of the currents. They serve 
also as leads to and from the coil. The scale is so divided that 
the instrument indicates watts directly. 

The readings of such an instrument are subject to an error due 
to the power consumed by the coils themselves. An inspection 
of Fig. 47 shows that the current passing through the coils A 
and B is the sum of the load current and that carried by the coil 

1, • _ J 1 - 1 _ -1 1 . •> vn n 1 . ... .. 


again making the reading too large. To overcome this difficulty, 
a compensating coil M is provided as shown in Fig. 48, which is 
usually placed inside A and B and so connecitcd that its magnetic 
effect weakens their fields, thus automatically correcting the 
reading of the instrument. If the wattmeter is to be calibrated 
by using separate sources of current and potential, this (‘,ompensa- 
tion is not necessary, and a separate binding joost F is provick'.d, 
marked Ind. (Independent) on the instrument. This circuit 
includes a resistance r equal to that of the compensating eoil, 
thus making the resistance between C and F ecpial to that 
between C and L. The series resistance R is used as a multiply- 
ing resistance in exactly the same manner as the multiplier in an 
ordinary D.C. voltmeter. For example, if R is (Miual to the 
resistance of the movable coil, the potential difference across it 
will be equal to that across the coil, and if the instrument is 
calibrated without R in circuit, when R is included, the readings 
should be multiplied by the factor two, 

66. Experiment 11. Calihration of a Wattmeter . — Wattmeters 
are calibrated on direct currents and may be used on altcu’uating 
currents as well as direct. Separate sources of c,uri’('.nt and 
electromotive, force are generally used for pur]:)oseH of c.alibration 
since instruments of large capacity may then be standardized 
with a comparatively small expenditure of power. (Connect 
the apparatus as shown in Fig. 49, wherc^ WM is the wattmeter 
which is to be calibrated. B is t('.n-volt storage battery furnish- 
ing the current which is controlled by the rheostat R and read 
by the ammeter AM. C is another storage battery furnishing 
the potential which is controlled by the voltage regulating rheo- 
stat PS and read by the voltnuvter VM. Since the fi(dd due to 
the coils of the instrument is small, (extraneous ficelds, such as 
those of the earth or large currents, near-by instruments with 
permanent magnets, etc., may cause errors as large as several 
per cent. lienee it is necessary, when using this type of watt- 
meter on direct currents, to reverse both potential and current 
leads and average the two readings. Make two calibrations. 
First, hold the current constant and vary the voltage so as to 
check the instrument at eight or ten points uniformly distributed 

fl, cross the scale. Next hold the voltn.cre constn.r^t nnd xrovt?- fhra 
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tion, bring an instniinont with a poi'inaiKnit inagriot near the 
wattniQtcr and note th(^ (vl'foct on the reading. Place the watt- 
meter pointing in varioiiH directions and note any changes dne 
to the earth’s magnetic fi(dd. Stand the instriinumt in a vcudical 
position and note any cuTor due to inprerhuit balancing of the 
moving system. (diang(^ the voltage b'rminal from the post F, 
marked “Ind.” to L and note; the difference, which is the correc- 
tion for internal ('iiergy consumption. 


C 



Fxti. 4S). ('oiuiofliotiH for calihrutiiiK a wiiOmofcor. 


Report. — 1. Compute true watts from the average products 
of amperes and volts. 


abscissas. Do the two curves (a) with current constant, and (b) 
with voltage constant, coincide? 

3. State your findings regarding internal energy consumption, 
effects of extraneous magnetic fields, balancing of system, etc. 




CHAPTER VII 


MEASUREMENT OF CAPACITANCE 

66. Condensers. — When a body is charged with a quantity of 
electricity Q, the potential V which the body acquires is prppor- 
tional to Q. With a given charge, however, the potential 
depends also upon certain conditions of the body such as size, 
shape, surrounding medium, presence of other charges, etc. The 
relation between charge and potential is given by the equation 

Q = CY (1) 

where C is a constant depending upon the conditions of the body, 
and is called the “Capacitance’' of the body. It is the ratio of 
the charge to the potential and is numerically equal to the charge 
when the potential is unity. The practical unit of capacitance is 
the farad. A body is said to have a capacitance of one farad 
when a charge of one coulomb raises its potential by one volt. 
The farad is too large a unit for practical purposes, however, and 
it is customary to take the millionth part of this, called the micro- 
, farad, as a working unit. Any device by which it is possible to 
cause a large quantity of electricity to exist under a relatively 
small potential is called a condenser. Such devices usually 
consist of thin conducting plates, placed close together, but 
insulated electrically by thin sheets of some good dielectric 
material. If a positive charge is placed upon one plate and a 
negative upon the other, the neutralizing effect of each on the 
other, due to their close proximity, causes the potential difference 
between them to be very much reduced over what it would have 
been if they were far apart. 

67. Grouping of Condensers.—Condensers, like resistances, 
may be joined either in series or in parallel and used as a single 
condenser. Figure 60 represents three condensers joined in 
parallel. Let Ci, C 2 , Cz represent their individual capacitances, 
Qi, ffs their charges; and E, the difference of potential across 
their terminals. Calling Q the total quantity of electricity stored 
in the group, which would be obtained if they were discharged. 



Q = C7 = C\V -1- C-zV + C-zV (3) 

or 

C — Cl ^ Cz Cz (4) 

For condensers connected in parallel, the resultant capacitance 
is the sum of the individual capacitances of the group. The 
capacitance of n similar condensers thus joined is n times the 
capacitance of a single condenser. Figure 51 represents three 
condensers connected in scries. As before, let Ch, Cz, Cz represent 




Fig. 50.' — CondoiiBoi’H 
joined in i)arullol. 
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Fig. fil. — CIoiuloiiHorH joined in aorlos. 


the values of the individual conaensers; qi, qz, qz their charges, 
and Vi, vz, vz the potential differences across each. It is evident 
from the figure that 

m “ Wi + fa "{“ tig (5) 


Calling C the resultant capacitance of the group, and Q the total 
charge, we have, from definition. 


E 


Q 

c 


P j. .9* 

1 w 2 8 


( 6 ) 


A simple relation exists between these charges. We have tacitly 
assumed that the condensers were uncharged before connection. 
Suppose a unit charge passes from the battery to the outer coating 
of Cl. A negative charge will then be induced on the inner coat- 
ing and a positive unit charge repelled from it which will charge the 
outer coating of Ca and induce a negative unit charge on its inner 
coating and so on. The next unit charge from the battery will 
do the same. It is evident then that the charge for each conden- 
ser is the same, no matter what its capacitance and that the total 




( 7 ) 


of the group, 
and 


Thus we have 


Q = qi-= (h = (h 


1 

C 


1 + 1 + A 

(•1 (^2 ^'3 


(8) 


For condensers joined in series, the reeiprocal of the resultant 
capacitance is the sum of the reciprocals of the individual c-apaci- 
tances. The resultant capacitance of n similar condensers so 

joined is ^ times the capacitance of a singles comUmser. 

68. Standard Condensers. — Standard coiukmscuvs ai’o made of 
sheets of tin foil separated by mi(‘,a, alt(M‘na,t(^ sIkhU'.s of foil 
being joined as shown in Fig. 50, and tlie whok’i finally imbed- 
ded in solid paraffin. Figure 52 shows tlu^ connections for 



Fio. 52 . — ( loniioctiouH for HululividtHl Hliiiuhinl contloiiHCM’. 


one of the subdivided standard condensers used in the labora- 
tory. One side of each of the sections shown by the dotted 
lines is joined to a heavy bar marked “Earth” and t,he other 
sides to one of the blocks. Another bar marked “Condenser’' 
is rnounted opposite, and each bar is connected to a binding post. 
When it is desired to use a certain capacity, c,g.,,2 MF, place a 
plug in the socket between C and the lower bar. If .7 MF is 
desired, place another plug between F and this bar. Similarly 
for the various other possible connections. When a section is 
not in use, it should be short circuited by placing a plug in the 
socket between the unner bar and the corresnondiuc- block. Care 













Fio. tomato motliod of oonnoctiuK c.oiulouHcr units. 

farads, botwocii B and C, .05, etc. One more lug is required in 
this case To connect all the units in parallel, plugs arc inserted 
in alternate holes on each side, but staggered. Th^nethod has 
the advantage of permitting series grouping of the units, thus 
giving a greater number of values of capacitance for a given 
number of units. A subdivided standard condenser is shown in 
Fig. 54. 



Fta. 54. — Subdivided fitandard oondonaor. 


69. Comparison of Condensers.— The capacitance of an 
unknown condenser may be found by comparing it with a stan- 
dard condenser. A ready means of doing this which givc's results 
sufficiently accurate for many purposes is to charge both the 
unknown and the standard to the same potential diiTcronce and 
discharge each in succession through a ballistic galvanometer. 
The set-up lor this purpose is shown in Fig. 9. Ix^t Cx be the 
unknown and the standard condenser. First insert Ci, then 
charge and discharge several times, taking the average deflection 



which we will call (k. i* roiti tlio cicniiiiion oi capacitance we 
have, as the charj^c in the condensen-. 

Qi = CrV, (9) 

and, since the deflection of a ballistic galvanometer is propor- 
tional to the charge passed through it, 

Q,=^C,V=^K(h ( 10 ) 

Now replace the unknown by the standard condenser and charge 
and discharge as before. In a similar manner, we have 

Q, = C,V = Kd, (11) 

Dividing equation (10) by (11), 


70. Bridge Method for Comparing Two Condensers. niori^ 
accurate compai’ison of two condensers may be madc^ liy means 



Fio. 66. — Bridge moUiod for comparing two condonaers. 

of an arrangement similar to the Wheatstone bridge in which the 
resistances of two of the arms are replaced by the two condensers 



tance boxes. J? is a charge and discharge key so connected that, 
when the blade is pressed down, the battery B is connected to 
the bridge, thus charging the condensers through Hi and 
to the potential difference furnished by the battery. When 
contact is made on the upper point, the battery is disconnected 
and the condensers are discharged through the resistances. No 
matter what the values of Ri and Ri may be, the points P and Q 
will come to the sam('- final potentials on charge and again on 
complete discharge, since, when no current is flowing through 
the resistances thcu'c can be no fall of potcuitial aciross them. 
However, during the charging and discharging proc.(\sses tlun'c 
are currents through the resistances and, in geiu'.ral, thevre will be 
a momentary difference of potential between P and Q causing a 
deflection of the galvanometer in one direction on charge, and 
in the opposite, on discharge. By properly adjusting Ri and 
Bi, it is possible to make the potentials at P and Q rise and fall 
at the same rate which is the balance condition for the Inndge, 
from which the relation between the capacitances and resistances 
may be deduced. 

Let qi and — instantaneous charges in Ci and Ct 

Ijct iy and fa = instantaneous currents in R\ and 


As in the ordinary Wheatstone bridge, wo have 


P.D. between A and P = P.D. between A and Q 
P.D. between P and D ~ P.D. between Q and D 


whence 


<72 


Cl 

Cj 

and 

Bill = 

B’Ai 


(13) 

(14) 


Differentiating (13) and remembering that i 


det 

we have 


or 


RiCi = IUC2 


(16) 


Cl ^ R2 
C 2 Rx 


(17) 


It is to be noted that the ratio of the capacitancos is tlu; inverse 
ratio of the resistances, whereas, in the bridge method for resis- 
tances, it is the direct ratio. 

71. Experiment 12. Comparisori of Two Capacitances by the 
Bridge Method . — Connect the apparatus as shown in Fig. 55, 
using for B a battery of 40 volts. is a short circuiting key 
to bring the galvanometer to rest after taking an obsevrvation. 
Use for Cl a subdivided standard condemser and for C 2 a fixed 
condenser of about one-half micro-farad capacity. The problem 
is to check the parts of Ci in terms of the whole. Set the plugs 
of Cl so as to give the maximum availabki capacitance, and with 
this as a standard, obtain several balances on C 2 , using different 
values for Ri and R 2 in each case. Now, taking this measured 
value of C 2 as a standard, determine the capacitance of each 
part of Cl, making several independent balances for each. In 
all cases use as large values for Ri and Ri as possible. 

Report. — Tabulate your data in compact form. Your values 
for the separate parts of Ci should add up to the total value indi- 
cated on the top of the box. 

72. Measurement of Small Capacitance by Commutator. ^ — 

The bridge method just described is not suited to the measure- 
ment of small capacitances since the charging currents are so 
minute that the potential drops through the resistances are 
inappreciable. For the determination of a small capacitance, 
such as that of an air condenser used in radio work or that between 
the wires of a transmission line, a direct deflection method mOtj be 
used in which the condenser is rapidly charged to a known voltage 
and then discharged through a standardized galvanometer by 
means of a motor-driven commutator. If the interval between 
discharges is small compared to the. period of the galvanometer, 
a steady deflection results which is proportional to the average 
value of the current. 



mutator, aosignca lor tins purpose, togctncr witn tne wiring 
diagram. and S 2 arc slip rings which revolve in a plane per- 
pendicular to the paper while Ss is a scries of posts alternately 
connected io*Si and >^ 2 . When brush 3 rests upon a segment 
connected to 81 , the condenser C is charged to the potential 
difference of the battery B, and when 3 touches the succeeding 
post, the condenser is discharged 
througl\ the galvanometer. Let n be 
the number of discharges per second 
and V the E.M.F. of the battery. 

Then the current through the gal- 
vanometer is 

I = nCV X lO-o = Fd (18) 

Where C is the capacity of tlie con- 
denser in microfarads, and F, the 
figure of merit of the galvanometer, 
i.e., the current for unit deflee-tion. 

In designing a commutator of this 
type, special precautions must be 
taken to secure good insulation b('- 
tween posts and sectors. They are 
generally made with an air gap be- 
tween posts since metal abraded by 
friction otherwise emlicds itself in a solid dielectric thus giving 
a direct leakage path from the battery through the galvano- 
meter, A speed counter, mounted on the shaft, indicates the 
number of revolutions, 

73. Experiment 13. Capacitance hy the Fleming and Clinton 
Method.— -Connect the apparatus as shown in Fig, 56 using for C 
an air condenser of small capacitance. Drive the commutator 
at speeds sufficient to give 50 to 100 discharges second through 
the galvanometer, and use for B a battery with voltage large 
enough to produce a deflection of about 10 erns. Take special 
precautions to insure good insulation between the galvanometer 
and battery circuits. Use a number of different speeds and 
voltages and determine the value of C by eq. (18), Determine 
the figure of merit of the galvanometer by the method given 


S.i S3 -S-a 



Flu. 50. — FlciniuK luul C Hinton 
(H)iri mutator. 
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Report. — 1. Tabiiktc obHorvutions and results for the scuies of 
measurements taken. 

2. Check your results by measuring tlu^ dimensions of the 

condenser, and computing its capacity from the formula for the 
parallel plate condenser » 

C = .0885 X l()“" mie.rofarads (19) 

where A is the ar(!a of one of tlu'. plat(^s iji scpiarc^ eontinuvters, d 
the thickness of the dielectric,, and k tlui di(do(!tric aonstant 
(K = i for air). 

3. How do you account for the diflercuuu^ b(d,ween the mea- 
sured and computed values? 



MAGNETISM 


74. General Principles. — Magnetism is a universal property 
of matter, since there is no substance which does not experience 
a ponder-motive action when placed near the poles of a strong 
magnet, though in many cases the effect is so weak that delicate 
means are necessary for its detection. Substances may be 
divided into two groups, in accordance with the manner in 
which they behave when acted upon by a magnetic pole; those 
which are attracted by the magnet are called paramagnetic, and 
those repelled, diamagnetic. It is customary to add a third 
group, including iron, nickel, and cobalt, which are characterized 
by the fact that the ponder-motive action upon them is not 
proportional to the strength of the attracting pole as in the case 
of ordinary paramagnetic substances, but is much stronger. 

76. Strength of Pole. — In the early study of magnets, it was 
noticed that the magnetic property of a body is confined largely 
to the areas about its ends and corners, and that opposite ends 
behave differently toward other magnets. The term magnetic 
pole was given to the regions where the property was most 
pronounced and has been retained although it has been known 
for a long time that magnetism is a volume and not a surface 
phenomenon. A unit magnetic pole is defined as one which 
repels an exactly similar pole at a distance of one centimeter in air 
with a force of one dyne. 

76. Strength of Field. — The space surrounding a magnetic 
pole in which action upon another pole can be detected is called 
a magnetic field, and is measured, at any particular point, by the 
force in dynes with which a free unit positive pole is acted upon 
when placed at that point. A field of unit strength or intensity is 
one which will exert a force of one dyne upon a unit pole. Since 
field strength is thus measured by force per unit pole, it is a 
vector quantity; i.e., it possesses both magnitude and direction. 
Both of these characteristics may be represented by imagining 
lines drawn in space according to a definite convention; namely, 
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the magnitude oi t.lie iio.ia ny (iniwmg us many iiues pur sipiare 
centimeter as the lield has units of inUmsity, and t.lio direction, 
by making these lines coincide at ('.ven-y point wil.h tlu'. direedion 
in which the unit measuring pol(^ is urg('d. Acu'.ording to this 
convention, if a sphere of unit radius is drawn witli a pole of 
strength m as a center, th(u-(^ must pass Ihrough (uu'.h scpiare 
centimeter of its surface vt. liiu'S, giving a (.otal of -Itt///. liiu's from 
the pole. From a unit ])ole tluu’e will ('luanate according (.o tliis 
convention, 4 .t lines of forc('. 

77. Intensity of Magnetization. Led. us imagine an idc'al 
permanent bar magnet, of ]('ngth L, and uniform e.ross s(‘c(.ion A, 
magnetized uniformly and showing, tlu'H'fore, ]>ol('-str('ngth over 
the ends only. That is to say, tlu'. magnelic. liiU's all h'ave: one, 
end, pass in regular curves through outside si)a<'(', and (uiter 
the other end with no lines entering or h'aving on tlu'. sid(‘, as in 
any real magnet. Let the stnmgth of pole lx* vi. ddu'. jiole 

strength per unit area, is (kduuMl iis tfu' inlnnsily of magnetiza- 
tion and is generally represented by tlu^ hd.tiM* /. 

78. Magnetic Moment- - Imagiiu' llu^ id(‘al magiud. mentioned 
above placed at right angles to a uniform magmdie. litdd of 
strength //. Fqual and opposite force's of magnitude' Ilm. will 
act upon this magnet producing a c.ouphi of stremglh IlmL. 
If H is unity, the magnitude of the (xiuph; is mL, and this (piau- 
tity, which is exceedingly important in treating problems 
involving magnets, is called the magnetic, moimmt, ami is (h’sigmitcd 
by the letter M. The moment of any magiu't is, tlu'u, the torepie 
acting upon it wlien placed at right angle's to a uniform fU'ld of 
unit strength. Another d(diuitie)n of intemsity of niagnevtiztition 
in terms of magnetic moment may be obtaiucul as follows; 
Since the volume of the bar magiud. is LA , we have 

r „ n'l 

A ~ AL "" F ^ 

Intensity of magnetization is thus ele'fiiuul as a volume rather 
than a surface effect. 

79. Magnetic Induction.— I^et us imagine that, in an infinitely 
long, uniform magnetic field of strength //, an iron bar is placed 



'juuupitju uy uue uai xiaa uufcjii mcreasea Dy me lines 01 magnetization 
due to the bar. The total number of magnetic lines through the 
bar, which is made up of the original lines and the lines of mag- 
netization, is called the magnetic flux, and is generally designated 
by the Greek letter (p. The number of hues per square centi- 
meter through the bar is called the magnetic induction, and is 
represented by the letter B. Thus 


B = Induction = 


Total Flux 
Area 


0 

A 


( 2 ) 


The induction B is defined in the following manner: Imagine a 
narrow crevasse cut through the middle of the bar at right angles 
to its axis, and a unit positive pole placed within. The force in 
dynes upon this pole measures B. The original field produces a 
force of H dynes upon the pole, and since the iron is magnetized 
to an intensity I, meaning I units of pole strength per unit area of 
the crevasse, from each of which Ak lines emanate, we 
have, as the total lines per square centimeter through the gap 
or the force in dynes acting upon the unit pole 

B = II + 4 tI (3) 

Lines of induction are continuous throughout the magnetic 
circuit; that is, they never begin or end but form closed paths, 
the parts in the air being called lines of force. If, instead of the 
transverse crevasse we had bored a small hole through the bar 
parallel to the lines of force and placed a unit magnetic pole within, 
the force upon it would be the original strength of field H which 
has produced the magnetic induction. 

80. Permeability and Susceptibility. — For many purposes it 
is convenient to define the magnetic quality of a given material 
in terms of the relative increase in the number of lines or the 
intensity of magnetization produced. For this purpose the terms 
permeability and susceptibility are used. By permeability is 
meant the ratio of the induction B to the field strength H, and is 
represented by the Greek letter p. That is, 

B / .\ 

M ( 4 ) 

where B is the induction produced in a given material when 
acted upon by a field of strength H. When it is desired to express 

+V.Q oKiU+.tr /if o mafovicil Qr»nmirp m fl.crn P.tl STYI a.nd to state itS 
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dofinod as the ratio of the intc'iisii.y of inagiiotization of tho 
specimen to the magnetizing field in whi(!h it is plaecnl, and is 
represented by the Greek letter k. That is, 

J r.. 

K = 


A simple relation exists between f.h(\se two ({iuintiti(\s. 
the defining equation for indnetion 

B = II + 47rl 

and dividing through by 11, we hav(^ 


Taking 


(0) 

( 7 ) 


or 

(X = I d- dTT/c (8) 

81. Effects of the Ends of a Bar. — When a bar is magnetized 
longitudinally by placing it in a magnetic field, th(! ends become 
poles which act upon any other pole in thc^ neighl)orhood, attract- 
ing or repelling it according to the relative signs of the ])oleH. 
If the bar lies in an east-west position, magiuvlizcnl wil.h a north 
pole at the west end, a unit north poh', lying lunir the middle of the 
bar, but outside it, would be \irged from w('st to ('ast or in a 
direction opposite to that in which the bar is magrudizcul. If now 
the unit pole is placed within the bar, the forct' is in the same 
direction. Thus the effect of tlve poh^s is to ])roduce ti fic'.ld within 
the bar called a “demagnetizing field” which is o])poslte to the 
direction of the field magnetizing it. This ('ffect is grcnitcu’ the 
shorter the bar is in comparison to its diaincvf.c'r. Tdit'. actual 
field producing magnetization is, accordingly, less than the field 
before the bar was introduced. This phenomenon is allowed for 
by computing the effective field // from the equation 

// - //' - NI (9) 

where TV is the original field and N a constant depending upon 
the ratio of the length to the diameter of the bar, and is called 
the “ Demagnetizing Factor.” Tables^ for N may be found in the 
more advanced treatises on the subiect. The same considera- 



82. The Magnetic Circuit. — In treating such phenomena as the 
conduction of heat and the flow of electricity, one makes use of a 
general law in which the magnitiidc of the effect is given as the 
ratio of a driving force divided by an opposition factor dependent 
upon the properties of the medium in which the action takes 
place. For example, tlie heat current Q, i.e., the quantity of heat 
passing per unit time any cross section of a conductor of length L 
and cross sectional area ri, when the temperature at the ends are 
ti and h, is given by the expression 

Q = (10) 

tA 


where t is a constant defining the ability of the medium to conduct 
heat. T is called the specific thermal conductivity and is numeri- 
cally equal to the quantity of heat passing through a centimeter 
cube of the material, per unit time, when a difference of tempera- 
ture of one degree is maintained across its faces. Similarly, the 
electrical current flowing in the above conductor when its ends are 
maintained at electrical potentials Vi and F 2 , is given by 

- F2 ^ Fi - F2 
Lp L 

A CA 


(U) 


where C 


1 

P 


is called the specific electrical conductivity of the 


material and is numerically equal to the current flowing through a 
centimeter cube when unit difference of potential is maintained 
across its faces. Its reciprocal p is called the specific resistance, 
and is the resistance of the centimeter cube. This equation is 
called Ohm's law and is written 


Current 


Electromotive Force 
Resistance 


In an analogous manner it is convenient, for purposes of calcula- 
tion, to regard the region in which a magnetized state exists as 
being the seat of a magnetic flow. The magnetic lines of induc- 
tion are the stream lines along which the flow takes place, and 
since magnetic lines are closed paths, the lines of flow are closed 

Oirmn’+.o TV/Ta+oMala orA +.tiAri AlaHHifiAH ah o'Anri nr "hnrl marmAfin. 



through which a current is flowing, as shown in Fig. 57. We wish 
to compute the total magnetic flux produced in the ring when a 
given current is flowing. 

Let N = total number of turns 

L = mean length of magnetic lines 
A — area of cross section of ring 
B = magnetic induction in ring 
ju = permeability 
I = strength of current 

As a direct consequence of the defini- 
tion of the electromagnetic unit of 
current, it is shown in elementary 
textbooks that the work done in carry- 
ing a unit magnetic pole once around 
a current of strength I E.M.U.’s, is dyrl ergs. The field strength 
within the ring solenoid may be obtained from the fact that the 
work done in taking a unit pole around this magnetic circuit is 

Work = FL = ^N1 (12) 

since the pole is, in reality, carried N times around the current. 
Whence 

^ - • (13) 



Fig. 57. — The magnetic circuit. 


H = 

If I is expressed in amperes instead of electromagnetic units, 

47rA^7 


H 


lOL 


(14) 


From the above definitions, the expression for the total flux is 
obtained in the following manner: 

^ = BA = fxHA = (15) 

which may be written in the form 


, .47rA^i 

fjA 


(16) 


The numerator of the right-hand member is of the nature of a 
driving force, the denominator, an opposition factor depending 


equation is eaiieu cue ijaw oi tne iviagnetic i^Jircuit ana is 
written 


Magnetic Flux 


Magnetomotive Force 
Reluctanco 


83. Magnetic flux, which represents the total number of 
lines of induction, is analogous to flow of heat in calorimetery, 
and to current in electricity. It forms a closed path which may 
be spread out over a large area in some places and bo concen- 
trated within narrow limits in others. The unit of magnetic 
flux is called the maxwell and is represented by one magnetic 
lino of induction through the total cross sectional ariia of the 
magnetic circuit. Thus, if in a magiuflic circuit, there arc one 
thousand lines, the flux is said to bo one thousand maxwells. 
In engineering practice, it is customary to define flux on the 
basis of the F.M.F. induced in a conductor which cuts it. 

Definition. — -If, in a moving conductor, the induced E.M.F. in one 
electromagnetic unit, the flux cut per second is one maxwell. ^ 

84. The magnetic induction is deflined as the total flux 
divided by the area, and is, accordingly, the flux density. The 
unit of magnetic induction is the gauss. 

Definition. — Unit induction, or one gauss, exists in a magnetic 
circuit in which the flux density is one maxwell per square centi- 
meter. Thus 


Gausses =» 


Maxwells 

Square Centimeters 

86. Magnetomotive force may bo regared as the cause of 
magnetic flux. It is analogous to electromotive force in the 
electric circuit and is measured in a similar manner. Just as the 
electromotive force of an electrical circuit is the work required 
to carry unit electrical charge once around the circuit, so the 
magneto-motive force in a magnetic circuit is the work required 
to carry unit magnetic pole once around the circuit. The unit 
of magnetomotive force is the gilbert. 

Definition.~If the work required to carry a unit magnetic pole 
once around a magnetic circuit is one erg, the magnetomotive force 
is one gilbert. 

In case the magnetomotive force is produced by a current in a 
closed solenoid, as in the above illustration, its value, as given 
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by equation (IG) is .47rNI. Tho product NI is called the ampere 
turn, and differs from magnetomotive^ foi‘(>.e only by tlu^ constant 
factor .47r = 1.26. Thus 

M.M.F. in Gilberts = Air Ampe'n^ Turns. 

Magnetomotive force, being thus uu'asunHl in bumis of work 
per unit pole, is difference of magiuvtic pol.cmtial Accordingly, 
if II is the average valium of tlu^ magiuvtic, fudd strength betweum 
two equipotential surfaces, « cms. apart, having magnetic 
potentials Mi and M 2 , respec, lively, 

,, . AM 

.S' A.s’ ^ ^ 

where AM and A.s’ represent small {lilTenmces in M and .s, respec- 
tively. Allowing the eeiuipotential surface's to apiiroaedi ineledi- 
nitely close to one aimther, the limiting value of (his ratiei giveis 
the actual field strength at a givem ixiiut. Thus 

(IM 

JI - • (18) 

Magnetic field strength is the eduinge in magnevt.ic peitemtial per 
centimeter in the direction eif 11 eir the^ inagiu'tie! peitemtial 
gradient. The unit of magnetic field strength is called tho 
gilbert per centimeter. 

86. Reluctance is tho resistance a bofly offers to being mag- 
netized and depends upon the constants of the circ.uit in a manner 
similar to resistance in the electric.al (dreuit. As sium from 
eq. (16), it is directly proportional to tlie length and in- 
versely proportional to the area and the pc'rnuuibility of the 
medium. Permeability thus corresponds to spcuufic conductivity, 
and its reciprocal, corresponding to specific rc^sistance or 
resistivity, is often called “reluctivity.” Tho unit of reluctance 
is defined in terms of the law of the magnetic circuit and is 
called the oersted. 

Definition.~--If, in a magnetic circuit, the Jlux in one maxwell 
when the magnetomotive force in one gilbert, the reluctance in one 


reluctances. 

87. Limitations. — While the idea of the magnetic circuit is an 
extremely useful one for purposes of calculation, it must not be 
regarded as a true physical concept, such as the electrical circuit, 
but merely as an analogy serving a useful purpose. Among the 
respects in which the analogy fails are the following: 

1. There is no such thing as a magnetic substance in the sense 
in which we have used it, and hence there can be no magnetic 
flow. 

2. When once the magnetic flux has been established, no 
energy is required to maintain it, and there is nothing correspond- 
ing to the PR consumption of energy in the electric circuit. 

3. The reluctance of a circuit containing ferro-magnotic mate- 
rial is not a constant for a given set of physical conditions l)ut 
varies with the flux, while the resistance of an electric circuit 
is independent of the current flowing. 

4. Tor ferro-magnetic materials, the reluctance is not a single 
valued function of the flux, but depends upon the magneto-motive 
forces to which they previously have beem subjected. In other 
words, there is no analogy, in the electric circuit, to Hysteresis. 

88. Magnetization Curves. — Para-and diamagnetic substances 
are characterized by the fact that, under a given set of physical 
conditions, the permeability remains constant; that is, as the 
magnetizing field is changed, the induction changes by propor- 
tional amounts. This, however, is not true of ferro-magnetic 
substances. If a piece of unmagnetized iron, for example, is 
placed in a field which may be varied at will, it is found, starting 
with H ~ 0 and gradually increasing it, that the induction B 
increases slowly at first, remaining nearly proportional to the 
field; then increases rapidly, for a certain interval of //, after 
which a further increase produces only relatively small increments 
in j 8. The curve showing the values of induction for different 
magnetizing fields is called the “magnetization curve,'' and is 
represented by OB of Fig. 58. The three parts of the curve, 
differentiated by rather abrupt changes in slope, are accounted 
for by assuming that, in the unmagnetized condition, the 
magnetic axes of the molecular magnets are distributed 
entirely at random, as many pointing in one direction as in any 



from thoir initial positioiiK, giving a resultant eoinponcmt in the 
direction of the applied field, the amount of divformation being 
proportional to the field. Thus the part of the curve near the 
origin is obtained. With a further increase of field, some of 
these local magnetic circuits are broken, and new alignments 
formed, giving chains of molecules of considerable length. As 
each local circuit breaks, becoming part of a chain, neighboring 

B 



Fio. 58. — Mcignetizatlon and hystoroftls rurves. 


groups become unstable, break, and form other chains, thus 
giving a sort of spontaneous magnetization, resulting in changes 
in induction much greater than required for proportionality to 
changes in field. Thus the steep part of the curve is giv(m. As 
the condition is approached in which all the local groups have 
been broken up and the molecules placed in complete alignment, 
the iron is said to become saturated, and further increases in field 
produce only small changes in induction. So the upper part of 
the curve which is nearly horizontal is obtained. 

89. Hysteresis. — If, after the induction has been carried to 
the point marked on the curve of Fig. 68, the ma^pietizing 

field is gradually reduced, the induction does not retrace the 
magnetization curve, but takes on values, for a given field, greater 
than those for the magnetization curve; and when // has been 
reduced, to zero, an amount of induction indicated by Br still 
persists. If a reverse field is applied, the induction rapidly falls; 


tude to -j-jBjnax- With a gradual increase in H to its original 
positive value, B assumes values shown by the lower curve of the 
figure, symmetrical with respect to the origin with the upper one 
just described. This tendency of any material to persist in a 
given magnetic state is known as “hysteresis,” and the corre- 
sponding curve is called the hysteresis curve. Bb is called the 
retentivity, and He, the coercive field. 

It may be shown that the area of the hysteresis loop is a 
measure of the energy consumed by molecular friction in (^ac-h 
cubic centimeter of material when carried once through a mag- 
netic cycle. For this purpose, let us refer to the ring specimen 
described in Art. 75, and use the nomenclature there indie-ated. 
The method of proof is based upon the fact that, as the current in 
the magnetizing coil is changed, producing changes of flux in the 
ring, a counter E.M.F. is induced, against which the magnetizing 
current must flow. The electrical energy which thus disappears 
is the energy consumed by hysteresis and reappears in the form of 
heat within the ring. Let i represent the instantaneous magnetiz- 
ing current and let dB and be the clianges in induction and 
flux, respectively, when a change di occurs in the magnetizing 
current. If dt represents the time required for this change to 
take place, the energy dw consumed during the change is given by 



dw — eidt 


( 19 ) 

But 




e = A = 
dt 

■\T A 

NA 

(20) 

Therefore 

dw = NAidB 


(21) 

Since 

H = , 



we have 

L 

Ni ~ . -• 

4t 


(22) 

Substituting 

, HLAdB 

V 



dw = — j— 

47r 

= ^ HdB 

4t 

(23) 


where V is the volume of the ring. Summing up for the complete 
cycle, we have 


shape of the loop varies with th(^ (pialil.y of tlu' iron; luircl shn'ls 
have both a high rohuitivity and eoc-reive i’orcu'; soft sU'.els, a 
high retentivity but a low coercive, fore.e; while Sw('.dish iron has 
both a low retentivity and low co(U’e.ivo forego, h’or a given speci- 
men, the area of the loop depends upon the limits of induction. 
Steimn($ has made an exhaustive study of this relation and has 
found that the energy lost is i)roportional to tlu' L() powcu* of tlu' 
maximum induction. Expressed in symljols, 

(25) 

K is called the Steininetz coefiicient. 

90. Practical Methods. ‘ — For tlu^ measurement of magnetic, 
induction, there are three general methods, each of whic.h possess 
certain advantages as well as disadvantages. They may be 
classified as follows: 

1. The Traction Method. 

2. The Magnetometer Method. 

3. The Ballistic Method. 

The first method consists in measuring t.he mechanii'.al force 
required to pull the magnetized specimen away from a massive 
piece of iron. Since the specimen induces in tlu' block at tlu' point, 
of contact a pole of strength e(puil and oi)posit.t^ to its own, tlu^ 
force required to separate them is proportional t.o the scpian^ of 
the intensity of magnetization. In th(^ scauind imd.liod, the 
specimen is made in the form of a rod or elongatt‘d (‘llij)soid and 
magnetized by being placed within a long sokmoid. Its mag- 
netic moment is determined by ohsenving dethudion it 
produces upon a small compass ikuhIIo, called a magru'tometer, 
placed near it. Phom the magnetic moment, tlu'. inUmsity of 
magnetization, and hence the iudiuition, may be eomi)ut(Hl. 
In the ballistic method, the specimen under test forms tin; whoki 
or part of a closed magnetic circuit, wound with suitablti mag- 
netizing coils, and also a secondary coil, connected to a ballistic 
galvanometer. Any change in flux induces in the secondary a 
quantity of electricity which is measured by the l)alliHt.ie gal- 
vanometer and from this quantity the change in flux is computed. 
From the standpoint of accuracy and ease of performance the 


91. Hopkinson’s Bar and Yoke.^ — This is an application of the 
ballistic method in which the samples to be tested are in the 
form of rods, closely fitted into holes in a heavy yoke of soft iron. 
The arrangement is shown in Fig. 59, where YY is the yoke and 
CC' the specimen under test. MM are the magnetizing coils 
and F the secondary coil. The magnetic lines through the 
specimen return, half through the upper and half through the 
lower part of the yoke. Since the cross section of the yoke is 
large in comparison with that of the specimen, its reluctance 



may be neglected without appreciable error and the entire 
reluctance be considered as that part of the bar within the slot. 
The rod consists of two parts joined at a point a little to the 
right of F, one of which is clamped at C', while the other may be 
drawn out by the ring at C. Springs are attached to the second- 
ary coil F, generally called the “flip” coil, which runs between 
guides. While the bar is being subjected to the desired mag- 
netizing field, the part C is quickly withdrawn, releasing F which 
is jerked suddenly out of the field, cutting the entire flux through 
the specimen. The induction B, for a given value of //, is 
computed in the following manner: 




As = area of spociincn / 

N,n = rnagnotizing turns 
I,n = magnetizing current 
Lit = length of rod (length of slot in yoke) 

The (piantity Q of electricity, (^xpress('(l in c.ouloinhH, discharged 
through the galvanometer is given by tlui exi)r(\ssion 



Q 

= Kdf = Sidt 


(26) 

But 

i 

V 'Ilf d<t> 

~ R'~' dt '' 

_ UfAs dB 
“ Wli dt 

(27) 

Hence 

Kdf 

= r,iB .. 

iifAsB 

um 

(28) 

Therefore 

B 

Kim^ 


(29) 


~ UfAii 



The constant K of the ballistic galvanometer may b(\ obtained by 
means of the standard solenoid described in Art. 26. Substitut- 
ing the value of K from Eq. 36. 

„ SirNnA. / , 


The field strength to which the specimen is subjected is given by 
the regular formula for the ring solenoid 

10L« 


92. Experiment 14. Magnetization Curves by Hopkinaon’s 
Bar and Yoke . — Connect the apparatus as shown in Fig. 60, 
where C and Y are the bar and yoke, respectively. G is a ballistic 
galvanometer and DE a standard solenoid for calibrating it. 
Since a considerable range of currents will bo required, use two 
ammeters, one of range 0--15 amperes and the other, a millam- 
meter connected as shown, where is a knife switch which should 
be left closed during all manipulations. Open Si when it is 



ammeter indicates a current less than the full scale reading of 
the millammeter. S 2 is also a knife switch. First compute, by 
means of eq. (31), the upper and lower limits of current required 
for field strengths ranging from 1 to 120 gilberts per centimeter. 

Before proceeding to test a specimen, it must first be 



Fio. 60. — Connootions for HoxJkinsori’s bar and yoke. 


demagnetized. This is done by applying a magnetizing current, 
somewhat greater than that required for the maximum test field, 
and reducing it by small steps, reversing the commutator at 
each step until a current barely readable on the millammeter has 
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extent, until Hiuilly nil inagnellsin has (lisapia'anal, "I’his 
should be done with tlu^ (lip coil out of posit ion or wi( h tlu' second- 
ary circuit broken, (o avoid daniaf>'iiif'' llu' g-alvanonn'tor. To 
test for rc^sidual magiuvlisin, (Hi) ilu' coil \vi(h no <airr('n(, in t.lu' 
maR'iietizing coils. A d('d('c(ion no(. ('xc<HMlinf 2 ; a luilliunhor 
should be obt-ained. N(^xt, dc'Ica’iniiK' (he coiislatd, of llu' ^'al- 
Vanonieter. To do this, S('(. (.lu^ doubh* pole do.iibh' I hrow swil.(di 
so as to connect in cd'cuit tlu^ ])riina.ry of llu' sla.ndard sohuioid, 
and, with a steady c.urrcnl. of about, (wo a.inp(>r('s (lowin/i;, r('vci‘S(^ 
the coinnmtatoi’ in su(‘,h a dinudion a.s (o (anise ( Ik* ^'a.lvanoiiKd.c'r 
to swiiifi; to hig'h nunibers. Mak(^ s('V('ral d('t('rmiMa.t ions in this 
maimer, usin^ such vahms of iirimary cuna'id. as will give' delh'c- 
tions ranp;ing from 2 t.o l-l continu'ti'rs. I(, is n(‘C('ssary lu're (,o 
revewse tlu', pi-imaiy cuiTc'nt, not simply to mak(* or bnaik it, 
since that is the assumi)tion on which tlu* foriiiula for the (Udc'r- 
mination of tlu^ c.onstnnt wa,s (h'rivc'd. I'se (h(‘ av(')’a.f»;e vahu^ 
of the ratio of cairrcmt to deth'ction in (ap (20). 

Everythini*; is now naidy for the test ju’oiuu'. Set tlu' doubh'. 
pole doubk^ throw switch again so as to inclmh' th(' inagm'ti/j’ng 
coils and the rheostat so as to include' (In' maximum r('sistanc.(‘. 
(dose the battery e.ircuit, and bring tlu' curre'ul up to (he 
smallest valuer comi)ut('d above', hli]) tlu' eaiil eind note' (he 
defieu'.tion of the', galveinome'le'r, which .should swing in the' sa.me 
divec.tion as used when eU'te'rmining its constant. Obt.ain, in this 
maniun*, aliout (ifte'e'ii ])()in(s on the' magne'ti/.ation cui’ve', space'd 
more closc'ly toge't lu'r in the' lowe'r imrt. of the' field st re'iigth range', 
where thee curve' rise's .ste'e'jdy. (huition. Points must be' (nke'U 
always with increasing (le'ld stre'iigth. Dei not alleiw the' e'urre'iit, 
to I'ise teie) high anel IIk'H eh'e're'ase' it. Obtain ehda for the' magnei- 
tization. curves feir the sample's of iron furnishe'd. ('lu'e'k your 
galvanomctei- constant hefore and after taking e'lu'h se't . 

Report. — 1. Plot magne'tization curve's for the' four sample's 
using B as ordinates and // as abscissas. 

2. Calculate the ])e.rmeability for e'ach value' of If anel, on a 
separate sheet, plot permeability as ordinate's and tie'ld stre'ugt.h 
as abscissas for each samnle. 




Fifi. 01. — Cormontions for Rowland Ring Method. 


formly over the entire magnetic circuit with the secondary wound 
over the primary. Since the turns on the inner side of tlio ring 
are closer together than on the outer, the former part of tlie ring 
will be subject to a greater mangetizing force than the latter, and 
therefore, the thickness of the ring should be small compared to its 

1 Ewing, Magnetic Induction in Iron, chap. III. 

Smith, Electrical Measurements, chap. XII, 

Rowland, Phil Mag. vol. 46 , 1873 , p. 161 . ' 


A magnetization curve may oe ootainea uy a sunua ruvciaaio 
carried out in the following manner : Suppose the iron to be in an 
unmagnetized condition. Apply a weak magnetizing field. The 
induction rises a small amount along the desired magnetization 
curve. Reverse the magnetizing field. This causes the induc- 
tion to change along the upper half of a small hysteresis cycle, 
taking on a value the negative of what it had before the reversal 
occurred. The change of induction, which is measured by the 
ballistic galvanometer, is then twice the total induction existing 
before the reversal. Now increase the field to a somewhat larger 
value, thus carrying the induction to a higher point on the curve. 
By again measuring the change of induction on reversal, twice the 
new value of induction is obtained, and so on for a series of points 
determining the entire magnetization curve. By this process, 
the iron is taken around a series of successively larger and larger 
hysteresis cycles, the apexes of whose corresponding curves lie 
upon the desired magnetization curve. The induction B, for a 
given value of H, is computed in the following manner ; 

Let K = constant of the balhstic galvanometer 
iVg = turns on secondary coil 
R = total resistance of secondary circuit 
e = instantaneous E.M.F. in secondary circuit 
i = instantaneous current in secondary circuit 
ds = deflection of galvanometer 
0 = total flux in ring 
Ar = cross sectional area of ring 
.^Nm — magnetizing Gurrea t 't/yrilj 
=^mean circumference of ring 

The qu^^ity of electricity Q, expressed in coulombs, discharged 
through the galvanometer is given by the expression 


But 


Q = Kds - f idt (32) 
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(35) 


The constant K of the ballistic galvanometer may be obtained by 
means of the standard solenoid method, as described in Art. 26. 
Substituting the value of K from eq. (36), we have 



4:TrNnA I , 
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(36) 


The field strength to which the specimen is subjected is given by 
the formula 


4TrNmI 
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m 


(37) 


94. Experiment 16. Magnetization Curves hy the Rowland 
Ring Method . — Connect the apparatus as shown in Fig. 61. 
R is the ring specimen under test, and Nm and Na the primary and 
secondary windings, respectively. G is a ballistic galvanometer, 
and DE a standard solenoid for calibrating it Sirujo a consider- 
able range of current will be required, use two ammetcu's, one of 
range 0-15 amperes and the oth(5r a millammeter, connected as 
shown, where is a knife switch which should be left closed 
during all manipulations. Open Bx when it is desired to read th(^ 
millammeter and then only when the 0-15 ammeter indicates a 
current less than the full scale reading of the millammeter. First, 
compute by means of eq. (37), the upper and lowcr^clds from .5 
to 100 gilberts per centimeter. 

Before proceeding to test a specimen, it must first bo demagne- 
tized. This is done by applying a magnetizing current souu'wluit 
greater than that required for the maximum tost field, and reducing 
it by small steps, reversing the commutator at each step until a 
current barely readable on the millammeter has been reached. 
The rate of commutation should not exceed 20 reversals per minute. 
This should be done with the secondary circuit broken to avoid 
damaging the galvanometer. Next determine the constant of the 
galvanometer. To do this, set the double pole double throw 
switch so as to connect in circuit the primary of the standard sole- 
noid and with a steady current of about 2 amperes, reverse the 




to reverse the primary curremt, not sim])Iy to mak(^ or bn'uk it, 
since that is tlie assumption on which llu' formuln, for tlu^ g'alvano- 
meter constant was (Uu'ivcHl. Use- tlu'. average value of tlie ratio 
of current to deflec.tion in eep CUi). 

Everything is now n^ady for Inst pro])er. Sch; tlu^ double 
pole double throw switcii again so as to inc.huh^ (.lu' primary on 
the ring, and the rheostat K so as i.o inclmh' l.lu' maximum resis- 
tance, Close the battery cinmit and bring i.lu' e.urr('nt up to the 
smallest value computed above. Bring (.he galvanonuvtcn- to 
rest, reverse the primary e.urrent, and no(n l.lu' galvanoiu(d,er 
deflection. Now bring the c.ommntai.or ba(dc (.o its original i)osi- 
tion, increase the curnmt to a slighlly gr(Mi(.('r valiu', and rc'ad tlu^ 
galvanometer deilcHdion again on i‘('V('i’sa,l. Oblain, in ( In's man- 
ner, about 15 points on tlu' inagiuhizadon c.urv(', spaec'd inorci 
closely together on the lowcs' psirt of (lu^ Ih'hl sl.iamgt.h ratige 
where the rise is rapid, (tuition. SuecKS'ding ])oints must 
always bo taken with increasing fudd strengl.h. Do not allow 
the current to rise too high and tlum (hatn'ase il.. Oliiain data 
for the magnetization curves for two samiih's of iron, (flieck 
your galvanometer constant before and afl.i'r taking i^aeh set. 

Report. — 1. Plot magnetization eurvi'.s for (in' (.wo samples, 
using B as ordinates and II as abscissas. 

2. Compute the permealiilit.y for ('ueli value of //, and, on a 
separate sheet, plot permcabilitieK as ordinal.i's and Ih'ld strengths 
as abscissas. 

3. For the maximum field strength, cominite thi' magneto- 
motive force, total flux, and reduevtanee of tlu^ magmd ie (dreuit for 
each sample, expressing each quanl ity in i(.s proper unils. What 
is the relation between maxwells and ganssi's? 

96. Experiment 16. IlydereHiH (UirncH by the Itowhtnd Iting 
Method. '—Commit the apparalus as indicatcul in I'ig. (11, and 
observe the precautions regarding iisi^ of amnudors, swiltdies, 
rheostats, etc., indicated in Exp. 15. Insfead of starting with 
zero field and making changes of indiudion whieh are sym- 
metrical with respect to the origin, as in tlu^ caHi^ of the magneti- 
zation curve by reversals, start hero with the maximum field and 
make changes of induction by passing first to the retentivity 


and we will, tor the moment, regard this point as the origin trom 
which the upper half of the hysteresis curve is to bo plotted. 
The method will be made clear by reference to Fig, 58, Apply 
first the maximum field, giving + i^^ax oil fho curve. Now 
reduce the field to zero. The induction changes along the upper 
part of the curve, and goes to the retentivity point, the actual 
change being equal to J5i. Now apply the field —//max- 
induction changes along the curve from Bn to jBmax> the actual 
change in induction being B%. Bx and B^ are thus located on the 
curve with as the origin. An intermediate point, such as 
JS 3 may be obtained by applying again the field +//max iioil slowly 
reducing to fi-Z/s without breaking the magnetizing current. 
If the magnetizing current is now lirokim, the induction again 
returns to Br and the change, which is mcasurcul by the galva- 
nometer deflection, is B^. This locates //•( with rcispect to Br. 
The corresponding point, B^ may bo obtaincul by applying the 
field —Hz and observing the throw of the galvanometer. In a 
similar manner, a series of points, (‘.orrt’ssponding to pairs of 
positive and negative values of II, may be obtained and the 
upper half of the curve plotted with respect to Br. 

The actual manipulation of switches is as follows: Obtain tlu^ 
constant of the galvanometer as explained in hlxp. 14. With 
the galvanometer circuit brok(m, set the rheostat to give the 
maximum magnetizing current. Reverse this current several 
times through the primary coil of the ring to remove the effects 
of previous magnetization, and thus make sure that the iron will 
follow the cycle desired. With maximum current flowing, close 
the secondary circuit and bring the galvanometer to rest. 
Break the primary circuit by the switch and observe the throw 
of the galvanometer which measures Bx. Bring the galvanometer 
again to rest with the secoruhiry circuit closed. Reverse the 
commutator. Close and note the deflection of the galva- 
nometer which measures B^. Break the secondary circuit, roverae 
the commutator, bringing the induction back to H-Rmax- Reduce 
the current, without breaking the circuit, to give a value -fi/Zs. 
Close the secondary circuit and bring the galvanometer to rest. 
Break the primary by means of and the throw of the galva- 
nometer measures Bz. Bring the galvanometer to rest, reverse 



otncr points on tno curve arcoutainoti ui pairs lutiu^ sanu^ manner. 
It is important to noticje that Ix'.forc'. ('ae.li jiair of obs(‘rvations 
is taken the induction must first Ix'. rcdxiriK'd (,o otluu’wisc 

a different cycle will be earri('(l out for each pair. Obtain in this 
way at least ten pairs of vnhu'.s for U, usiiift- field strcuigths rang- 
ing from .5 to 30 gilberts per ('.('.ntinu'ler. It will assist the 
calculation if deflections corresponding to positives and nc'gative 
fields arc recorded in separate columns. Two samiih'.s are to be 
tested. 

The calculation *of the values of B is earric'd out by the same 
formula as used in Exp. 14 oxcei)t lu're we wish llu' (.otal change 
in induction instead of half of it ns was (lu' cast' ( Iumh'. Ae.cord- 
ingly the limits of integration in cxi. (33) art' () and H instead of 
and ~B, giving as our final formula. 


BrA-a/l I 
m^N.Ar ' d 


(38) 


Before plotting the curve, tlu'- origin should Ix^ changed from 
to 0. This is accomplished by adding /#« to all valutas of induc- 
tion corresponding to imsrtive fields and subl.racting all values of 
induction corrtwponding io negativt^ fie, Ids from //«. Bjt is 
determined from tlie rthition 
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The lower half of the ciirvt\ l)eing symmetrical with the upper, is 
plotted from these same data, merely changing ( he signs of all 
values of B. 

Report.— 1. Plot the hysteresis curves ft)r the t wo samplea of 
iron, making the plots as large as eonvt'nit'nl. 

2. Measure the area of tlie curve's by itieans of a planimeter, and 
determine the energy loss per cycle per cubic centimeter. Since 
it is not convenient to plot B and 11 to the sanu' scale', if unit length 
along the B axis represents b gausses, and unit h'ligtli along the 

hh 

II axis, h gilberts per centimeter, unit area will rc^present ^ ergs 
per cc. 

3. Compute the SteinmeU cooffioiont for each sample. 



96. General Principles. — Whenever a change occurs in the 
number of magnetic lines linking any electrical circuit, there is 
induced within the circuit an electromotive force, which, if the 
circuit is closed, will cause a current to flow. It makes no 
difference by what means this change is produced; whether mag- 
nets in the neighborhood are moved, currents in adjacent circuits 
changed, or the current in the circuit itself varied, tlu^ nature of 
the induced electromotive force is the same. The direction of 
the induced electromotive force is given l)y a simple ruh^ known as 
Lenz’s law, which may be stated as follows; Whenc'ver a changes 
occurs in an electromagnetic system, the direction of the induced 
electromotive force is such that the magnetic aedion of its current 
opposes the change. For example, if the north pole of a nmgnet 
is moved toward a closed helix, the induc-ed current flows in such 
a direction as to produce a north pole on the end toward the mag- 
net, thus tending to repel it, and vice versa, when it is with- 
drawn. The magnitude of this induced E.M.F. per turn is given 
by the expression 


where is the total flux passing through the turn at any instEvnt. 

If the change of flux through the coil is produced, not by mov- 
ing toward it a magnetic pole but by changing the current 
in another coil placed near it, the phenomenon of the induced 
E.M.F. is called mutual induction. The coil which is producing 
the change of flux is called the primary and that in which the 
E.M.F. is induced, the secondary. If the current in the primary 
of two coaxial coils is rising, let us say in the clockwise direction, 
on looking along the axis, an application of Lenz’s law shows that 
the current in the secondary is flowing counter-clockwise, while 
if the current in the primary is decreasing, the secondary current 

^ Duff, A Textbook of Physios, p. 445. 

Reed and Guthe, College Physics, p. 366. Stari^incj, Electricity and 
Magnetism, chap. XI. 
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is m the same direction as the primary. Since the flux through 
the secondary at any instant is proportional to the current in the 
primary, we may write for the total E.M.F. in the secondary 

e = M% (2) 

at 

where i is the primary current and M a constant depending upon 
the area of the two coils, their number of turns, distance apart, 
the permeability of the medium surrounding them, etc. M is 
called the coefficient of mutual inductance, the unit of which has 
been named the henry. 

Definition. — Two coils have one henry of mutual inductance, if , 
when the 'primary current is changing at the rate of one ampere per 
second, the induced E.M.F. in the secondary is one volt. 

When the current through any coil is changing, there is a 
change of flux, not only through any coil in the neighborhood, but 
also through the coil itself, causing an induced E.M.F. within it. 
This phenomenon is known as Self Induction. The direction of 
this E.M.F., considering the coil to be its own secondary, is 
determined by Lenz’s law, as given above; i.e., when the current 
is rising, the induced E.M.F. is in such a direction as to oppose 
the current, and when the current is falling, it tends to maintain 
it. The induced E.M.F. always opposes any change in the 
current and is called a counter E.M.F. Since the flux through 
the coil at any instant is proportional to the current, the induced 
counter E.M.F. is given by 

where i i| the current at any instant and L a constant depending 
upon t]|a number of turns in the coil, its area, shape, permeability 
of the surrounding medium, etc. L is called the coefficient of 
seK inductance and the unit is the henry. 

Definition. — A coil has one henry of self inductance, if, when 
the current through it is changing at the rate of one ampere per 
second, the induced counter E.M.F. is one volt. 

SinPO +.Vin Vk£i'r»’r»Tr lo n -X “X J • 


connected in circuit separately, one being used as the primary and 
the other as the secondary, a calibration curve may be made 
showing the mutual inductance between them for various posi- 
tions. If, however, they are connected in scries and used as a 
single coil, a variable self inductance is obtained, since the resultant 
self inductance of two coils, with mutual inductance between 
them, is given by the formula 

L = Li -b L 2 ± 2M (4) 

where Li and L 2 are the separate coefficients of self inductance. 
If the coils are mounted in such a manner that advantage may b(^ 
taken of both positive and 
negative values of M, variable 
self inductances of consider- 
able range may be obtained. 

Two forms of variable stand- 
ard are in common use. 

Figure 62 represents the 
Ayerton and Perry variable 
inductor which consists of 
two coils mounted vertically 
one of which is fixed and the 
other movable. The coils are 
wound on spherical surfaces, 
and the inner one rotates 
about a vertical axis. When 
the planes of the coils are 
parallel, tlu'. resultant self 
inductance is a maximum or a 
miniipum,iiaccording as the mutual is positive or negative. When 
the coils stand at right angles to each other, the resultant self 
inductance is the sum of the self inductances of the two coils, 
since the mutual is zero for this position. For other positions of 
the movable coil, intermediate values are obtained. The 
relation between resultant self inductance and angular position 
is nearly linear. Two pointers on the top road, one the angular 
position of the coil in degrees, the other the self inductance in 



Fio. 02. — Ayortou and Poiry variablo 
iudnotor. 


inductaiuH^ is a maximum; hut if tlu^ miiUlln disk is l.uriu'd through 
180“, tbo mutual iuduotaiu'i' Ix'twi'ou llu' fixed and movable 
coils will neutralize the self inductance and tlu* ri^sultant will be 



Pio. 03.— Brook'H vni'ifiblo hidiK-lfir, 


a minimum. By properly shaping the coils, an approximately 
linear relation is obtained between angular jiosition and 
inductance. Separate binding posts (mable the coils to be used 
independently giving also a variabU' staiulard of mutual induc- 
tance. The instrument is provided with two scales which road 
respectively self- and mutual inductance in millilumries. 

97. Comparison of Inductances^ -Two coeffieicmt+i of self 
inductance may bo compared by a liridge method in which the 
two coils, whose incluctanoes are to be compared, form two arms 
of the ordinary Whoatstono bridge. Lot In and Lg of Fig. *64 bo 
two inductances liaving resistances Hi and respectively, 
and 7^3 and lU be two non-inductive resistances, and let the 
bridge be balanced for steady currents, as explained in Art. 31, 
the condition for which is 

ae 

This condition signifies that when the currents, ii and U are 
constant, the potentials at C and D are equal, but leas than the 

1 Cabhakt and Patotbson, Electrical Measuremonta, p. 256. 

Smith, Eleotrioal Measurements, p. 197-203. 

Maxwell’s, Elect, and Mag., vol. 2, p. 867. 


potential at If the battery key Ki is opened, the current 
ceases to flow and the potentials at C and D become equal to 
that at A. When Ki is again closed, the potentials at C and D 
on account of the counter E.M.F.’s of self induction in Li and La 
will not necessarily rise at the same rate, although they will 
come to the same final values. Hence, there may be a short 
interval of time during which a difference of potemtial exists 
between C and D giving a deflection of the galvanometer if K>> 
is closed. By properly adjusting Li and Lo it is possible to cause' 



Fio. 64. — Bridfco method for Holf-induotanoo. 


the potentials at C and D to rise at the same rate when the bridge 
is balanced for both steady and varying currents. The condi- 
tions for such a balance is obtained in the ordinary way, except 
that the equations must include terms repre^senting the fall of 
potential due to the counter E.M.F. Equating the difference 
of potential at any instant between A and D to that between A 
and C, also that between D and jSf, to thfit between C and N, we 
have 



dl 


Eliminating and wc have 

+ RJ.it] = 


-1~ 


( 8 ) 


Since - R^R?,, the condition for Ht(Midy current balance, the 
condition for the varying current or iiuluctivt^ l)alancc w 


LJU = h^Rz 


( 9 ) 


or 

In ^ R z 
L% Hi 


( 10 ) 


98. Experiment 17. Comparison of Two Coefficients of Self 
Inductance by the Bridge Method .—CmwioeX the apparatuH aH 
shown in Fig. 64, whore Li is the indcnown induc.tanc.t' and La 
a variable standard. Rz and lU may be two ordinary n^sistanco 
boxes with non-inductivcly wound coils connectcul with a slide 
wire LM for accurate balancing. Ki and /Ca should Ix'. two 
ordinary press keys. First, using for B a batt(vry of about two 
volts, obtain a steady current balance by closing A'l first, and Kz 
after the current has had time to rise to its final valutn 'Fry to 
keep Rz and lU between one hundred and three hundred ohms. 
For the inductive balance, use a battery of 20 volts, ('lose Kz 
first and then lightly tap Ki, never leaving it cIohchI for more than 
an instant, since the large currents would cause too grtxit a heating 
of the resistances. The motion of tlie galvanomeh'.r in this case 
will be a sudden "kick” not a steady deflection. Adjust La until 
this kick has disappeared. Road the valiui of La and (!omi)ut(5 tlio 
value ofLi from eq. (10). The unknown to be determined con- 
siatsof a spool with two independent windings. Dtd-ermino the 
inductance of each separately, then join therti in series, and 
determine the resultant self-inductances with their mutual induc- 


tances aiding and opposing, making in all four measurements. 

Note. — It may happen that the balance point lies lieyondthe 
range of the variable standard, making an inductive balance im- 
possible. When this happens, the ratio Rz to R^ must be changed 
so as to bring the balance point within the required range. 
Since a steady current balance must always be obtained first, 


reversed. The combination of the two balance conditions gives 

Li _ Rs _ Ri n 1 

L2~ Ri" R 2 ^ ^ 

If, then, an appropriate resistance is connected in series with Ri 
the new steady current balance condition will give a larger ratio 
of 1^3 to Ri thus making the inductive balance possible. If, on the 
other hand, L 2 cannot be made small enough, the additional 
resistane-e must be placed in series with R^. 

Report. — 1. Tabulate your data for the determination of the 
four inductances as indii^atcd. 

2. From the formula Ij = L: L‘> -f 2ilf , compute M from 
the cases where it is aiding and op\)osing tlu'. self induc-tance. 
The agreement of these two values gives a c'hecic on the accuracy 
of your work. 

3. How arc coils wound so as to be non-inductive? 



Fio. 05. — Mutual induotanoo by Caroy-rostor method. 


99. Measurement of Mutual Inductances.’ — The mutual 
inductance of two coils may be measured in terms of capacity 
and resistance by moans of a method due to Carey-Foster, in 
which the quantity of electricity induced in the secondary is 
balanced against a known charge from a standard condenser. 
The connections are shown in Fig. 65, where P and S are the 
1 Cardv-Postbr, Phil. Mag., vo. 23, p. 121. 

CAnitATi'p anrl PATTTflMnN. Plont.rif'al MfiftHiirnmontH. n. 20S. 
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pi’iinaiy and secondary coils of Uu' mul.ual inductance to be 
ineasiircd, C a standard condc'.nser, and (/ a l)alliHti(! galvanometer. 
The primary circuit is represent, cd by t-lu^ path BP Alii, while the 
secondary is BltiDA including the galvanoimd.er (}. It will be 
noted that the galvanom(4,er is also included in (‘.ircuit DCRiA 
containing a standard condemser. Wlum tlu‘ primary circuit is 
closed the galvanometer will la^ trav(n*sed by two distinct quanti- 
ties of electricity: (1) The (luantiiy imhuaul in th(‘ secondary coil, 
and (2) the charge, entering the coiuk'nsc'r, both of which may 
easily be computed. If thew^ t,wo (pianiities ar(‘ (uiual and pass 
through the. galvanometer in opposite dirc'ctions, no deflection 
will result, which is the balance', condition sought. 

The quantity Q\ induce'd in the se.c.ondary coil is the time 
integral of the secondary eurn'iit, during tlu* intc'rval required for 
the primary to rise from zeu’o to its final value I. 

That is, 

Qi jidl « ^ (^ 2 ) 



MI 

li 


(13) 


where R is the effective resistance of tlu' secondary circuit. The 
quantity (h of electricity passing through the galvanometer to 
charge the condenser is given by 


Qa = CV - CRiI 


(14) 


where V — R\I is the fall of potential across Hi which is charging 
the condenser. Equating, 

CRxI, (15) 

or 

M - CRAi. (16) 


is a variable mutual inductance whose calibration curve is to be 
obtained, C a subdivided standard condenser, G a ballistic gal- 
vanometer of long period, and B a storage battery of 20 volts. 
It is necessary that the four wires indicated at A should actually 
meet at a common point, so a connector should be used. Since 
a large voltage is connected directly across Ri there is danger of 
burning it, so compute the minimum resistance which may be 
used, allowing a maximum power consumption of 4 watts per 
coil. To make sure that the discharges through the galva- 
nometer oppose one another and are of the same order of 
magnitude, try them fii’st separately; that is, break the circuit at 
C, make and break the primary circuit and note the direction of 
the galvanometer deflection at the make, due to the induced 
current in the secondary. Now close the circuit again at C, 
breaking the secondary at R 2 , and note the deflection at make, 
which is now due to the charge entering the condenser. If the 
deflection is in the same direction as before, reverse the connec- 
tions on either the primary or secondary coil. Close the circuit 
at Ri and obtain abalancc varying i?i, Ri, and C. The resistance 
of the secondary coil may be obtained by means of a post-office 
box. 

Report. — 1. Plot mutual inductance in millihenries, as 
ordinates, and positions of coil as abscissas. 

2. How would your results be affected if you had interchanged 
primary and secondary coils? Explain. 



('IIAPTIOU X 


ELEMENTARY TRANSIENT PHENOMENA^ 

101. Time Constant, Circuit Having Resistance and Induc- 
tance.— When an in Huddnnly iinpn'sw'd on a (urcuit 

containing msiHtaiua'. only, Mu' (•urroid. rint's iiiHtanlly lo a (hdiniio, 
valuo dntorinincd by Ohni’K law. If, liowcvc'r, I ho ciivuit (‘.on- 
tains inductaiu^c^ as vvoll as n'sistancc', this is not llu^ ciasc', for 
while tlio c.iirrt'nt is bc'ing (‘KtabliHlu'd, it product's within tlu'. tanl 
a magnotic. flux whicli links llu' turns of the coil. VVluMH^vt'r a 
changt^ occurs in the flux through a coil then' is indutu'd within it 
an E.M.F. in such a direction as to oppose tlu' cliango wliich 
producaul it. From the definiUon of st'lf inductance, tlu\ valuci 

of this counter F.M.F. is wht'rt' L is tlu* coeflicient of self 

inductance. Itis ihusset'n that the iinpressed F.M.F. is opposed 
B B hy two counter F.M.F.'s; one thie to 

th(' ctu'ri'nt llowing through tlu* rty 
sistaiu'c and the other due to the 
rising current in the coil. Such a 
circuit is reprt'sented in Fig. Gh, wliero 
the resistamu^ H and the inductance L 
Fi(). CUrouil. wmOiininK mIiowu Hepnral(‘lv, althougli tluw 

rcsiBtanoo ttud imiuottuuH'. . . , ‘ ; , 

may co-exist in tlu* cod. Let the 
value of the current, I hccoucIh after closing tlie key, he /. Tlicn 
by Ohm’s law, we have 

K Hi f !. 'I' (1) 

This is a differential eiiuation and can not ht* Holv(‘d by the 
ordinary rules of algebra. Dividing t lirmigh by li and letting 
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Separating the variables, we obtain 

di R ,, 

7 - . = f dt 
I ~ i L 


Integration of both aides gives 
-log (/ 


R 


z) — t C 


(3) 


(4) 


where C ia an arbitrary constant whoso value may be obtained by 
substituting corresponding known values for i and t. Counting 
time from the instant the key ia closed, when t = o, i — o, and 
these quantities when substituted in eq. (4) give C — —log I. 
Hence eq. (4) becomes, on replacing C by its value and rearranging, 

i) ^ _ 'R 
I L 

Taking the antilogarithm of both sides, 

R . 


log • — 


t 




( 6 ) 


I - i 

I 

where e is the base of the Naperian logarithms. Solving for we 
have 

(7) 



Fia. 07.-' (irowUi of ciirn'iil. in a (’irfiiit ronlainiiiK roHintanco and inductanco. 


X lie liiun u 


01 Its nnai vames unaer a consLaai- uuprtjsstiu jjj.xvx.x' 
suitable fraction to choose is arrived at in the following way. 
L 


If, ineq. (7),t = there results 




6327 


The quantity ^ is called the “Time Constant’’ for the coil and is 


R 

AWAW- 


defined as the time required for the current to reach .632 of its 
final value under the action of a constant E.M.F. The values 
ii, t 2 , U, etc., in Fig. 67 represent the time constants for the various 
values of L. 

102. Circuit Having Resistance and Capacitance. — A case 
quite similar to the one discussed 
above is that in which an E.M.F. is 
suddenly impressed upon a circuit 
containing resistance and capacitance 
in series. Such an arrangement is 
shown in Fig. 68. As soon as t^ie 
key is closed, a current flows through 
R and a charge begins to accumulate 
in C. This charge at once produces 
a counter E.M.F., which, added to 


\e 


K 


Fig. 68. — Circuit containing 
resistance and capacitance in 
series. 


that due to the current through R, balances the impressed E.M.F. 

Q 


The potential difference across the condenser is ^ 
Accordingly, we may write 


or- 


u 


idt. 


E — Ri 




idt. 


( 8 ) 


It is more convenient to solve this equation in terms of the 
instantaneous charge q in the condenser than of the current 

J 

through the resistance. Remembering that f ^ we have, on 
substitution in eq. (8), 


E = R^ 


dt ' C 


(9) 


Multiplying through by C and putting CE = Q, the final charge 
in the condenser, eq. (9) becomes, on separating the variables. 







As before, K is an arbitrary constant of integration which may be 
evaluated by subtistiiting known values of q and t in eq. (11). 
Counting time from the instant of closing the key, we have, when 
t — 0 , q = 0 . Substituting in eq. (11) 

K = —log Q 

Replacing K by its value, and rearranging terms, eq. (11) becomes 

= ( 12 ) 

Taking the antilogarithin of both sides, wc have 

(13) 

Solving for q, thefe results 


This equation is analagous to eej, (7) of the previous article and 
its graph is shown in Fig, 69, for several values of Ji with constant 




Eq. (14) then becomes 

g = = .632 Q. 


The quantity RC is called the time constant for a circuit 
containing resistance and capacitance, and is defined as the time 
required for the charge to reach .632 of its final value. These 
times are shown for the successive values of R by h, h, h, etc., in 
the figure. The time constant is an important concept in the 
study of reactive circuits and will be referred to frequently in 
this text in the discussions to follow. 

103. Circuit Containing Resistance, Inductance and Capaci- 
tance. Discharge of a Condenser. — To describe some of the phe- 
nomena peculiar to a circuit containing resistance, inductance 

and capacitance, it will be supposed 
that the parts are connected in series 
as shown in Fig. 70, and that the 
condenser has been charged by ap- 
propriate means. Suppose further 
that the key has been closed and 
that it is discharging; also that the 
instantaneous current is i and the 
charge in the condenser is q. Since 
no external E.M.F. is acting, the sum of the differences of poten- 
tial across the three elements of the circuit must be zero at all 
times. Accordingly, 

L~- + -1-“J idt = 0. (14) 


r^AAA/WTO)l^^ 


K 


Fig. 70. — Circuit containing 
resistance, inductance, and 
capacitance. 


Differentiating and dividing through by L we have 
dH . R di . 1 . „ 


Since i 


dq 

Tt 


eq. (14) may also be written 


d^q , R ^ 


+ 


LC 


g = 0. 


(15) 


(16) 


eqs. (15) and (16) are sufficient to completely describe a circuit 
of this character. Since they are identical, only one of them, 
e.g., (15), will be discussed. 



( 25 ) 


0 = fcl "h ^2 Q, — aJs T" ^4 
Differentiating eq. (23) 

dq hz — - ^4 - - 

1 = --■ =: e ’’i -e ^2 

dt Tl T2 

Comparing coefficients in eqs. (22) and (26) we have 

7 kz , 1 ki 

hi = and /ca = 

Tl T2 

Substituting the values of kz and from eqs. (27) in (25) and 
eliminating, the following values are obtained : 

Q 1. Q 


(26) 


(27) 


kx = 
kz = 


k9. = 


T2 — Tl 

Qti 

Tl — Ta 


fcd = 


Tl — Ta 

Qt2 


Ta — Tl 

Substituting these values in eqs. (22) and (23) we have 

SL 

Ta — Til 

Q 


t = 


q = 


Tl 


Ta 


e ’■j 


Tie — Tafi ’’2 


(28) 

(29) 

(30) 


It is thus seen that the solutions are made up of two exponential 
curves whose difference is to be taken. 
In the case of the current, these curves 
have the same initial ordinates but 
approach the time axis at different 
rates because of the different time 
constants. The solution is shown 
graphically in Fig. 71, where the 
Fig. 71. —Aperiodic discharge dotted curves are the Separate ex- 
0 a con enser. ponentials and the full line represents 

their difference. The current starts at zero, rises to a maximum 
and then slowly dies away. 

Case II. — 4 LC. Critically Damped Discharge . — In 

this case the roots of eq. (18) are identical having the value — ^ 

and the two terms of eq. (22) are the same. This equation 
cannot be the complete solution for this case since it contains 
but one arbitrary constant, whereas the complete solution 
must have two. since the onViTifll iOrt ina *#•'1 i« 



( 31 ) 

R R 

q = ksG + kite- 

Imposing the same boundary conditions as before, namely, when 
t — 0, i = 0, and q = Q, we, have 

/ci = 0 and kw = Q 


Differentiating eq. (32) 

hR 


I = 


dq 

dt 


2L 


2L 


+ kii 


‘11/ 


R 

2L 


ie 


2L 


(33) 


Applying the first boundary condition to eq. (34) gives 
kji QR 
2L “ 2L 


h = 


Comparison of coefficients in eqs. (31) and (33) gives 


A 

2L 


k. 


QR^ 

4IJ 


E 

L 


The complete Holutions aee.ordingly are 


U'. 


'JL 


1 ~1~ 


Rl 

2L 


Qe 


2L 


(34) 


(35) 


These equations consist of the product of a straight line and an 
exponential curve, and are similar to the corresponding ones for 
Case I. If numerical values are substituted, it is found that they 
rise to higher values and that they are more compressed along 
the time axis. In fact, the theory shows that for this critical 
case the 4i8Q]^l*^I£0 ^ shortest time possible. 

Case III. RH]^<4LC, badllatory Dwcharge,-— 'This is the 
most interesting and important of the three cases. The quantity 
under the radical sign of oq. (19) then becomes imaginary and the 
two roots of eq. (18) are complex quantities. Call them 


where 




,, , and V — L 

iCLj ijij O 



IM 


j'jLMCTUicrrv am > . u . i ^/. vA ’ vv.sMr 


Eciuiilion 20 may (lu'ii lx* wrillan 

I Alt 1 I /. A‘f 

I ' h \ I 1 > 

= I L-M' 

I I ./ I /.•■■ ((’OS /f/ J i^in lU) 
(•‘''{(hi i A‘" ) (’OS /•// I i/.'i /.■••)./ sin /://] 


L (^ t ; 


A- 


.1 


llu ' Il / i'i 1 /.•- .1 


.1 1 Jli 


A’, A-, A', jli 


wllOlUK' 


By nu'ans of a wall known forinnln of t riKononu’t ry (his ma,i 


wri(i('ii 


/ hr"' sin i,U I ./.i 


,l 


A’ \ .1 ■ 1 /»'■ and i/' tan ‘ 


Ill a similar manni'r tls’ solniion ol fti. iltn lor this (’asn nun 
shown In lx* 

(/ h \"' >in ‘0/ ! «/d ) I 

The. four arhilrary (’onstnnis A . A «/•. </•' ar<‘ roal iiuanlit ics and i 
lx*: (k'ic'i’miiK'd liy imposing llu- saiui- Itotnidars- (’onditioii!- 
us('d al)ov('. Sulist il ul iiifi in ftp'. ;ni> and o’lT* ilia vuluas / 
q = Q for t 0 raspa(’tivalv lha\ hcaonia 

0 A' sin t.'i w hanaa «;• 0 i 

Q A' sin.// // 

sin i/t 

T)i(T((r('ii(iatinfi; aq. (d7i wilh ((".paaf (o / 

l il A'^’‘'[<?sin lii( I *// • I d ao's i,it I .// 1 1 

d’ 


A ./,..( 


v/ .r ■ 


d •’ sin nd } (// f fan ’ 

1 1 

0 jiii / fl Hr ha\ 


Usiiifi; again (ha aondilion i 



Kiu. 7‘i. Dumnwl Hint' wave. 

and depondH alno upon t.lu' ('otiHlants H, L, and C of tho oircant. 
Furiherinoro, iho aniplit.iuU' is nmltipliod by an (’xponontial 
factor which dooroaH(‘H with tlu' time' and (he oHcillaiioiiH coiihc- 
quontly die out. An oHcillation of tliis cluirac.it'r w Hpokon of as a 
“clamped” siiu^ wave, Th(‘ grai)h for ilu' ciirnmt wavci is sliown 
in Fig, 72. That for tlm tdiargo is similar to it oxc.opt that its 
phases is ahemd of tlu' cnirrcmt by the. angle wliose tangent is given 
by the last ttu'm in e(|, (41), If Ji — 0, Ihis angle is 00^, 

The period T of the oscillation is obtainc'd from ecp (40) by the 
relation 


T 




If RH'!^ may Ix' iioglixMcuI in ctmipunson in 4lJ\ Muh nxlucoH 
to the Hiinph'. exprc'HKion 

r ■ 2Tr\//,(' (.{,2) 

104. Logarithmic Decrement. 'Plu* j)hy.Hirnl intc'rptvlaiion of 
the phenomenon juHl. deHcrihed in mnlhnjnalit'n! (('rms i,s as 
follows: When the eoiuh'iiw'r is given a tdiarge, a dcdinite amount 
of energy, I'h is ston'd up in it. A.m it disehnrg('H and eum'nt 
flows through the (‘ircuil., this energy is in part, ilissipaled by ilai 
resistance R and in part ston'd up in the i'leetromngnetie fu'ld of 
the inductanee L. At tlu' insluut tlu' potential dilTen'iiee acroHs 
the condenser is zero the etu'rgy whieh has not been dissiiaUt'tl as 
heat is in the. coil has the value 'I'his energy, minus 

that dissipateil during thc' lu'xt ipsarter .swing is n't urned to the 
condenser charging it in llu' (}j)p(wi(e <liree!ij>n and hh on. if 
the circuit were entirely free from re-Hi-slnuee. the o.HeillationH wuuhl 
simply represent intendiunges of etjergy betwt'i'ii (he (•ondenH('r 
and the coil at a frequency twice that «tf I lie eireiiit ami would 
continue indefmU.ely in much the same niama'r as a pi'nduhuu 
suspended by frietiordcHs h<*nring.M iu a vneuufn. It \h obvious 
that the greater the rate of energy disHipation, the .Mmulh'r the 
number of oscillations. 'Phe cpuuititutive tuethofl of (n'ating 
the damping effect is fw follovvK: •, r „ " ' 

Write oq. (40) in the simplified f<»rm 


whore 

/ 


{ /#' sin ml 

R V 1/4* //'("• 

■ViLC-RH’' tt. “ 'H.c 


(■ 111 ) 


Let /i, Jg, la /„ be the Hueeiwive eurreid mnxiina as indi- 

cated in Fig. 72, lot U, k, k. . . ,h in* the tiineH at whieh they 
occur, and let T be the period (»f tweillalion. Since* 


sin toll - sin w/# -- , , , 1 

1 1 » 

/g « ‘f r ) 

/a - g“«(nf 3r) 
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The ratio of the first amplitude to any succeeding one is 

(44) 

1 n 

In particular, let n = 2. Then 



It is easily seen that the ratio of any amplitude to the next one 
succeeding it is constant and is equal to the value just given. 
Taking the logarithm of both sides 

log„ ^ = aT == tR = 8 (45) 

1 2 ^ 


The quantity 5 is called the “Logarithmic Decrement^’ and 
is defined as the Naperian logarithm of the ratio of any amplitude 
to the next one succeeding it in the same direction, and is given 
in terms of the constants of the circuit by eq. (45). One 
of the many applications that may be made of this quantity is 
the determination of the number of oscillations that the circuit 
will execute before the amplitude is reduced to an assigned frac- 
tion of its initial value. For example, Ix^tween /i and /„+i, there 
are n oscillations. 

Substituting in eq. (44) 


or 

whence 

where 


I n + 1 

I 

log« f “ n8 
** 1 


ssa g”® 


1, /l 

n = s l0g« , 

d ■* M + 1 


1 • 


In 


is the assigned fraction. 


106. Harmonic E.M.F. Acting on a Circuit Containing Resis- 
tance, Inductance and Capacitance.— The equation of B.M.F.’s 

for this case is 

r, ^^4- IN 4- \ Cut » K mn ud afi'i 


found to represent a transient plu'nonKuion whieh (piiekly 
dies out. Part {b) corresponds to a “forced” oscillation, and 
represents a steady state. It is the part in whic.li we are inter- 
ested in problems of continuous altcrnatin}>; eurremts. 

The student familiar with differential ecpialions will remember 
that equations of the form of (46) are Ix'st tr(uited by nutans of 
the differential operator “D.” To apply this, first dilTc'rentiatc 
eq. (46) with respect to t to remove the sign of integration 

' (47) 


dH R di . 1 , 


Introducing the operator D 


Ec 


,;os ojt 


cos Oit 


(48) 


The particular integral which we are scH'king is then 

1 /fco 




L 


cos OJt 


(49) 


The meaning of the “inverse” operator, as the quantity 
immediately following the equality sign is called, is this: hind 
a function of i such that when operahui on by the eoeflic-ient of 
i in eq. (48) it gives the right-hand member of that equation. 
There is a wcU known short method^ for treating tlu^ (uise of sines 
or cosines such as eq, (49). It consists simply in exprt^ssing the 
function of D as a function of IP and replacing IP by minus the 
square of the coefficient of the independent variable. Accord- 
ingly 


i 


1 Eu Eo) 

^ gQg „ ^ 

- C02 -h 5 D -b A 

Eco[^RD - ] 

^ cos (til an 

Ecti'^RD - - Lo)®)] 

’ .. 2 C08 " 


Eoi^R sin co/ 

r 




\c 


IW +(^ ” - Lo,^) 

ERnmcot j.^ (cco '^^') 

combining into a single sitie function 


cos coi 


K 


■yJ/{‘ + (Lu, - JJ 


Sin 


Leo 


oiL — tan' 


1 

Coo 


R 


(50) 


It is thus seen that the current is a sine function and has the 
same frequency as the impressed K.M.F. In general, it is not in 
phase with the IC.M.F. but lags behind or leads according as 

1 1 1 

Leo is greater or loss than • If Loo ™ •, i.c., co = - the 

Cco Cco VLC 

current is in phase with tlie K.M.K. and in this case cq. (50) 

becomes 

. E . , 

l B= ,, Hill Oil 

It 


which is identical with the current equation given directly by 
Ohm’s law for the case when no inductance or capacitance is 
present. The maximum value of the current is obtained by 
putting the sine function equal to unity: Le., 

, E 

+{i^ - ^I^)‘ 


By analogy with Ohm’s law the denominator is called the ‘'Impe- 

1 

dance” of the circuit and the quantities Leo and are called 

the inductive and capacitive “ Reactances” respectively. Reac- 
tance produces not only a phtiae angle between the current and 
E.M.P. but tilso reduces the magnitude of the current. 

106. Alternative Method.— For those unfamiliar with differ- 
ential equations, an indirect method of obtaining the solution of 
wiovr Vsex *QmnA tllf Al^inJlf.lTIcrTn.TVr- F. is annlied 


tions are combined m the lollowing ('xpression 

i = I sin (w/ + (/>) (51) 


where I and 4) are arbitrary constants wliicdi ar(^ to Ix' (h'tcManiiK'd 
by substituting eip (51) in (4()) and finding tlui vahu's whicdi must 
be assigned to them in order that eip (*(()) may Ix' satisluxl. 


di 

dt 


= /w cos (oit -h 0) and Sidl ~ 


I 

CO 


cos (co/ + 0) 


Substituting these values, (xi. (dO) Ix'conu's 

I 

LIo) cos (ut + <j!)) -f" win (co^ + (j)) — , cos {cot + 0) -- A’ sin cot 

( CO 

Since this eciuation holds for all valiu's of I, wo may writi', 
when 

coi -|- 0 = 0, IjIoo —■ « .— It] 0 

( CO 


when 


coi! -|“ 0 = liJ =2 H (X)H 0 


Squaring and adding the above (^xpri'sslons, 




Dividing one by the ol.lu' 




or 0 = ~ tail' ' 


Substituting tliese values in (xi. (51) we have 


\/«. + - J'- 


sin col — tair ' 


which is eq. (50) abovix 

107. Vector Diagrams. • • I n the discussion thus far, wt*. have 
spoken of alternating I'l.M.F.’s and alternating currents and have 
used in each case the trigonometric expressions in discuasing 
them. For examnle the oauations 



naling curnuib di mu; hhiiu! irciqiuiiicy wiHi a maximum value i 
lagging behind the M.M.F. by a phase angle <!>. 

These may be regardtui as being given by the projections on the 
Y axis of tlu^ vi'ctors ()!<] and 01 rosjx'.etively of Fig. 73 which 
rotate with constant angular vedoeity in counter clockwise direc- 
tion, the latter lagging behind the former by the angle <l>. The 
vectors OE and 01 represent the maximum values of the E.M.r\ 


Y 



and current. As a special case, consider that of an alternating 
E.M.F. acting on a ciriuiit having resistance and inductance. The 
current is given by eq. (50) with C 00 , the condition for zero 
capacitive rea(d.an (•■('. ^riius 

? - tan-^^"!^) (52) 

V iw 


For the maximum value of the current, we have 


E 

^ * V/f ® 1 / ^ 

Prom the form of tlu^ lather expression it is evident that E has 
such a value that it may be, given as the diagonal of a rectangle 
whose sides are HI and LmI, as shown in Fig. 74. The current I 
is represented as a vector in phase with HI, since, from otp (52), 
the current lags behind the K.M.F. by an angle whoso tangent is 


Lo) 

'R 


This is the angle 0 shown in the figure. If this figure is 


rotated about the origin 0 with an angular velocity w in the posi- 
tive direction, the projections of the vectors, E, HI, and L«/ upon 
the F axis give the instantaneous values of the impressed K.M.F. 
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and the E.M.F. across the resistance and the inductance 
respectively. 

In a similar manner, a vector diagram may be constructed for 
a circuit containing resistance, inductanct^ and capa(‘.itance in 
series. For this case the maximum current and i)hasc angle ar(i 
given respectively by 




The vectors are similar to thosc^ of the i)r(iviouH case (except 

/ 

for the additional vector, , which is shown drawti downward in 

Gw 

Fig. 75, since in the equation it appears £i8 a quantity subtracted 

/ 

from Loi, In the figure, Lo>I is shown greater tlian - and the 

1 

current lags behind the E.M.F. IfLw » the component of E 

perpendicular to 1 is zero and the current is in phase with the 

1 



alternating whose', Cn'enuMK^y is the saim^ as the natural 

frcquenc.y of tlu'. (ureuit, a,lt(M'na1.ing eurrents of large amplitude 
arc s('t up in tlu^ induc.tanc.ei and c,ond(uiser. This phenomenon is 
spokeai of as ('lectrieal resoiuinc.e and is analogous to the motion of 
a meehanic.al sysd'in ])oss(^ssing inc'rtia and elasticity, when acted 
upon by an alU'rnating nuadianical fore.e having a frequency 
corresponding l.o its own frc'c. ix'riod. Two distinct cases occur 
depc'.nding upon wlu'tlun* the inductance and capacitance are in 
series with the M.M.l'’. or are^ (eoniuH'.teul aeums it in parallel. 
These are distinguisluxl as “Series llesonance" and “Parallel 
Resonance “ rt^spc'.c.tivc'ly. 

109. Series Resonance. —This case lias been discussed above in 
some (h'tail. Tlu'. instant.aneous value of the current must 
satisfy e(i. (' 1(0 tlu' solution of which is ('cp (50). The amplitude 
of the current is givc'u by 



and it has already Ix'en i)()inled 
1 . . 

Z/CO ^ / f ■ * which IK the eondi- 
Go) 

tion for n'souance. Tlu^ cur- 
rent is th('n given by /i' 
divided by R m reepured by 
Ohm’s law. The reHonance ^ 
condition depends upon tlu^ 
relative values t)f L, T and w, 

<7 11 
r--H 


N 

© ' 

Fiu. 7(1. rt'winnnw. Fi 


out this is a maximum when 



. 77 , lOfTwl c)f ri'HiHtnnf't' on «hnriH 
ntw of rt'wcnmnt't'. 


and may be lirougld about by a HuitaliUi change of either one of 


Lno ciurcni/ ailipuiiuu; ]» HIIUWH tu imu mm W 1 in- 4 iuuu._y lur a 
short range each side of resonance', d'lu' induclancee and (*ai)aci- 
tance are held constant and three' diiTe're'nt re'sisteuu'.e's are 
indicated. A represents thee euirrent at re'seenane'e' for a small 
resistance and C that for a large'. It is te) be' luete'el (hat (hee e'ffe'ct 
of a eliange in resistance is much me)ree marke'd a( re'sejiianeece than 
at a frequency somewhat remeeve'el. 'This is be'cause' at re'se)n- 
jince, resistance alone detei-mine's the' e’urre'nt., while' al. le>w fre'- 

1 

quenches, thee capaeeity re'ae*tane‘e is an impenhiint (e'rm, beit at 


high frequencies, the indueetive reaeet.ance Lw be'e'emie's e'ffe'e'l ive' in 
reducing the current. It is to be' not eel also, Unit feer hew free- 
queneics the current leads the M.M.F., is in j)haHe' with it at 
resonance and lags behinel at high fre'epie'iicie'S. Wlie'ii the' re'sis- 
tance is small, the rate of change of the phasee angle' in passing 
through resonance is rapid. 

110. Parallel Resonance.*' — Whem the I'l.M.l'h is introeluce'd in 


the circuit in such a way that the inductance' anel coneh'use'r are' in 

parallel, the ))lie‘ne)me'na are slrik- 

-£ ingly different fre)m lliewe' eef the 

stub's arrangemt'iit just eU'scrilie'd. 

— The et)nneetit)ns fe>r this ease* are 
^ ^ shown in Fig. 78. AHSuining that 

the conde'nst'r is fre'c frenu t'ne'rgy 

abHe)rption, the current Ihrejugh it 
loads the K.M.F. by nine'ty elegree's, 
jE- while that through (he* ineluetance 


upon it, L, anel w. Flm eurre'ut m 
Fid. 78.— Parallel roHonance, the main turcuit iH tlu' ve*e'te>r sum 

of these two and in determining it 
the relative phases of the components nuiHt bt^ take'u inte) 
account. Denoting the currents through the induet anee* anel 


Oh respectively, and the r(\sultant cuir- 
rent 01, is the diagonal of the paral- 
lelogram formed by them ns sidcH. Tlu^ 
arnplitudti of the resultant current, by 
the law of cosines, is : 

p ^ _ 21 Jc: cos (54) 


The value of cos \p may be obtained 1)y 
remembering that the K.M.F. aeross 
the coil is made uj) of two i)artH: 
That ae-rosH tlu^ [’(‘sistance, Rh,, and 
that across the induetanee Lw//,. Tlu^ 
former is in phases wit.h h, and the latter, 
ninety degrees alu'ad of it. Accordingly 


cos l/' 


Ult. 

K 


Substituting eiis. (5:1) and (55) in (54) 
and combining we luive 



Fui. 79.~V<H',(.or diagram 
for parallol roaonanoo. 




R^ + 


2Co>Loj 
R^ + 


Multiplying numerator and denominator of the second term by 
jK® -H L®w®, Dip (5(1) may be written 



1m Vi a® 

at .p //ys; + 


(57) 


Equation (57) is the general expression for the current drawn 
from the supply. The condition that this current should bo in 
phase with the driving K.M.F. is 


r< 






( 50 ) 
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It is important to note that for small values of R, I is nearly 
proportional to R and that if R were zero, I would also l )c zc'ro. 
Wc thus have the extraordinary situation in which the larf 2 ;er 
the resistance the larger the current. Figure 80 shows the varia- 
tion of current with fre- 
quency in th(^ neighbor- 
hood of resonance. It is 
interesting to note that in 
the case of series resonance 
the individual voltages 
across the condenser and 
coil exceed tlu'. total volt- 
age across the two com- 
bined, while in parallc'l 
resonance, the c-urrent in 
each oxcecds the two com- 
bined. The series arrange- 
ment gives a low iirq)(nl- 
anec at resonance, wliile 
the parallel connection gives a high impedance at this point. 
For this reason, the latter is frequently inserted in a circuit 
when it is desired to suppress a particular frequency in a c;oinpl(‘x 
wave. 

111. Measurement of Inductance and Capacitance by Reso- 
nance. — The phenomenon of electrical resonanco furnishes a 
convenient method for the determination of inductance and 
capacitance, particularly when they are small If two circuits, 
adjusted to have the same natural periods are placed in inductive 
relation, and one of them is caused to oscillate, the other will 
oscillate also by resonance. It was shown on page 136 that the 
period of an oscillating circuit is given by the expression 

i = 2'W'<yLC. 

Consequently, the condition for resonance is that the LC prod- 
ucts for the two circuits must be the same or 



Fia. 80 .— Doponclouco of eurront, otv fro- 
quoncy for iiarallol roHominco. 


unknown cirouilH io rt'HonaU' lo it. Tlvo inductance and oapaci- 
tance of tlu'. third circuit nliould he adjuHtal)lc, but need not bo 
known. Tlu' thn'c circuit h art' nhown in Fig. 81. The source 
circuit is t'Ut'rgizt'd by uu'auH of tlu' ])aUcry A tind an ordinary 
buzzt'.r Ji which Hcrvt'H as au intt'rruptcr. When the armature 



C'l 


K 1 

— 4IH 

0 . 



Ftu. HI, t’iri'uttn iirrntiKi'«l fi»r t'lt'i'ttSntl roHontuico. 

of the buiszer cltmt'H tlu' circuit, the battery current flowH through 
the coil L .1 and nttiren up energy in th«‘ ('It'ctroniagnetic field link- 
ing its windings. When tht' armature of the bum'r breaks the 
battery eireuit, thin eut'rgy is traimferred back and forth between 
C% and La until it ban been tliwipatcd. A grt)up of damped oscil- 
latiouH is thuH eHtablinhcd in this circuit for each vibration of the 
blazer armature, Similar twcillatioiw lad of wt*akcr intensities 
will be set up in circuits 1 and 2 if they art' adjusted to resonate 
to 3. 

If small induct anres and capacilanct's are used the frequency 
of the tiseillatitms thun protluct'd will be above the audible range, 
and special iiicanM f(»r tlclrding them must he employed. A con- 


deteetor Buch as is romnmnly employed for the reception of radio 





tho phones then has tlui jx'riod of t!u* hw/M'V armaiurc'. If 
a sufficient amount of onoi’Ky available, it is bent to diHcoinu'ct 
the right-hand phono lead shown in tho figure, and use only a 
single wire from tho phone thi-oiigh tlu' eryslal to tlu' oseillatory 
circuit. This is particularly important wlam the* eoiuhmHf'rs are 
small since tho capacity ladwetni phono leads may introdiuui a 
very appreciable error. 

112. Experiment 19. Mmaurement of t nduclance and Capaci- 

tance hy Remianc£.r~Comm'l tlu' apparatus as shown in Mg. HI, 
using for Lx a standard inductance variable by stepH, and for Ci 
a variable standard air eoudeuHer. La mIiouIcI be a Hingh* layer 
coil of uniform windingH whose diineiiHiouH may (wily be meas- 
ured. Ci should bo an air eondenw'r with plates eiwily aeecwiblo 
for measurement. First obtain roHonanet^ in (iireuii 2 by varying 
thcfrequency of the source. Nextobtain rewmamadn eireuit 1 and 
compute the LC product. Measure the dinumHions of f'a and 
compute its capacity from eep (19) givtm on page 94. (He(* also 

the Appendix.) Determine Li from eep ftlO). C’heek your result 
by computing the inductance of In from dimenHioim uMing tlu^ for- 
mula given in the Appendix. 

113. Effective Value of an Alternating Currant.— *If an alter- 
nating current is passed through an ordinary D.C. ammeter, no 
indication will be registered, since Hutdi an iiwtrument indieat(»s 
average values, which in tins etwe is ^oro. However, if an alter- 
nating current is passed through a nwtimec*, heat is lihcirated, 
the energy of which is furnished by the current. The retwein for 
the difference in effect in thtiso two oa^ci i« that tire torque on the 

moving coil of tho instrument is proportional to the cummt and 

therefore reverses sign with it, while the heating effect tjf a current 

is proportional to its square and k therefore iKmitive no matter 

what its direction. 

It is customary to deftne the Effediw value of an alter- 
nating current as the equivalent direct current which liberate* tlu^ 
same amount of heat in a given reaiiitance pet unit time. In 
deducing the relation between the effective value of an alternating 
current and its amplitude or maximum value, it k sufficient to 
equate the heat, in joulei, developed by each during the time T 


Thorofora : 
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Tho above' proewH in wen t(i Im* etpii valent t<} sriuaritiK the' 
mstantaneoUH valuen eef the eurn'iit, takiiiK the* ave*mge value* 
of the Bquart'H, and the*n extmettJig the Hciuan* renit. 'riu* 
effoctivo vahu’e aceaerdinfcly in eefteni i>4|Hike'n <»f iw the* “ Itoot Mean 
Square*' value. The' wuuc* eeuiHide’ratieuiH hold for an alter- 
nating K.M.K, 

114. Power Coniumed by a Circuit Traveried by an Alter- 
nating Current, I #e't im nuppow that an idtc'rnating K.M.F. w 
improTOcd upeni a eireiiit wlueh eontaiuM re*iu’tniiee m we*ll jw 
roflistantJe HO that the eurreuit anel K.M.F. are* nut in phaw. It in 
desired to fuid the* i«)wt*r eun»unu'd by the eireuit. l4*t the* 
E.M.F. and current be given renpeetivtdy by the' foUtiwing 
expreaaiona 

f» • K «n ui; i « / nifilwt ± (tltl) 

where ^ ii the angle* t>f lag or leael. 

The energy dfi eoiwiitneti iti the* lime* tli i« 

dtl ** eidi MI win «l «ln (*4 t #ld 4 ( 64 ) 

The energy // rorwunual tit*r eye*lf In 





intOgnUH Viuufsn umi vvr luivr 

// = A7 ^ cos </) 

Jj 

I'liu'rgy IX'I- (;>'(•!(' 
I>()WOr — m 


i<: / 


cos 4> 


It is thus scon that tho powt'r oonsuuicd is tin* prcuhici of U 
effective K.M.F. and ourn'iit inul(iplic(i l>y the cosiiu' of (.1 
phase angle, (losine is (uilhal flu* “ I'owi'i’ I'actur” and varii 
from zero to unity. 


CHAPTER XI 


SOURCES OF E.M.F. AND DETECTING DEVICES FOR 
BRIDGE METHODS 

Before discussing the various bridges which are to be employed 
in the measurement of inductance and capacitance, the student 
should become familiar with some of the sources of alternating 
E.M.F. and detecting devices that are available. Inasmuch as 
the alternating currents for commercial purposes are of frequencies 

too low to give a tone suitable for telephonic balances, special 
generators have been devised, a few of which will now be described. 

116 . The Sechometer. — In Exps. 12 and 17 methods were 
employed for comparisons of capacitance and inductance respect- 
ively in which batteries were employed to energize the bridges 
and the E.M.F.’s due to the reactances were made manifest during 
the rise and fall of the bridge currents following the closing and 
opening of the battery circuit key. It was then found that the 
galvanometer deflected in one direction on closing and in the 
opposite on opening this key. If some means were available by 
which the galvanometer leads could be interchanged each time the 
key is opened and closed, the deflections would always be in the 
same direction and if the interval between successive operations 
of the key were small compared to the period of the galvanometer, 
a steady deflection would result whereby the sharpness of the 
bridge balance would be greatly increased. The Sechometer 
is a device which accomplishes this purpose and derives its name 
from the “Secohm” by which our present unit of inductance, the 
henry, formerly was known. 

It consists essentially of two commutators mounted on the 
same shaft which may be driven at any desired speed by a motor. 
The segments are set in such a relation to each other that the 
galvanometer leads are interchanged by one commutator each 
time the polarity of the battery is reversed by the other. The 
connections are shown in Fig. 82. The device must not be driven 

ai. Viirrli a artoofi Hinpia siiffi pi’pini mnst bfi flllowp.d for the 





SHOWS uio asstjxxiuiou xxxsirument proviaed with a crank tor hand 
driving. 

116. The Wire Interrupter. — The vibrating wire interrupter, 
shown in Fig. 84, consists essentially of a piano wire stretched 
between rigid supports A and B, the tension of which may be varied 
by the screw S. Vibrations are maintained by means of an 
electromagnet M, intermittently energized by a battery Bi. 
The mercury cup contact C i interrupts this current when the wire 
is drawn up, and the device operates in a manner similar to the 
ordinary buzzer. The battery B 2 , which supplies current to the 



bridge, is connected through the contact Ca and this circuit is 
also closed and opened at the frequency maintained by the wire. 

Frequencies ranging from 25 to 150 are easily secured. This 
device is particularly well suited for use with the vibration 
galvanometer, since it permits of sharp, easy tuning, and may 
readily be adjusted to resonance with the galvanometer. Since 
the vibration galvanometer responds only to the fundamental 
and not the overtones, the fact that the interrupter gives a square 
wave form results in no disadvantage and the combination may 
accordingly be used on bridge circuits which do not balance 
independent of the frequency and the same results obtained as 
though a source giving a pure sine wave were employed. If a 
suitable condenser K is shunted across the contact Cx to prevent 
arcing, the device will operate continuously for hours with little 
or no attention. 

117. The Motor Generator. — Another inexpensive source of 


of llu' with r<'S])('<’t. (,o 

Mk' polo |)i(M*i>s. Wlu'D ih(‘ 
wht'ol is (Irivt'ii, (lu‘ flux 
(hrotiKli th(' !nfi|!;iu'l ic ('irciiil, 
duel unit's at a frt'tjut'ucy 

('tpuil (o tho nuuihor of it't'ih 
])!issin}i; Hit’ polo tips pt'i* 
st'oontl. An nllt'i’nnling 
M.M.I''. is thus induct'd in 
Fiu. sn. — Moil)]' giMK'rainr H('i„ 1 lit' HI uuU Ut 0 wiiidinjjjs Jllut’t'd 

nt'ar (ho polo tips. 

By properly choosing Uit' shnpt' tif iht' ptdo lips anti (t't'lh, it, is 
possible to obtain a wavti ftu'in t hat is rolalivt'ly froo from hannim- 
ics although it is ntit jitissihlt' to t'linunatt' Iht'ui otmijilt'tt'ly. By 
the ust^ of a suitahh'i (illor, gtititl wave ftinns may ht' tihlainoth 
By means of a spetually dt'signt'tl moehanical gtivorntir, (ht'spt't'il 
of the motor may he maini.aint'd ctmsta,nt tti ' o pop cont . 


118. The Microphone Hummer. If it is mil nt'ot'ssary Iti 
supply the bridge with a constant frotiuoney, a siinplt' nuerophont'. 


hummer furnishes a etmvt'niont and 
inexpensive stmree of altornating cur- 
rent. Such a circuit, is slmwu in Kig. Sth 
It consists of a mieiophont' (ransmiltt'r 
facing a telcjilume rect'ivt'r. 'I'ht' trans- 
mitter and rt'ceiver circuits art' ctin- 
nected in the ordinary way by a tt'lo- 
phono transformer. Any stray stamtl 
will ca\ise a variation in t lu' micrtiphtmt' 
current which })rotlue('s a soiintl in the 
receiver. This sound is “fed hack” Iti 



the miorophoiio which again produci's a Mi'tiiiiIuhio 

sound in the receiver and tln^ action is inu.un...-. 


thus continuous, the energy Ix'ing Huppli('d liy the battery, 'rhe 
interval between the application of llu' sound to llu'iuierophom^ 
and its return by the receiver aft(*r having op('rat «'d tlu* elect rieal 
circuits depends to a large extent upon the time eonstantof the 



iiui, luw 1 .< > uuruuiKUiion 01 a 

c.oiult'iist'r as iiulicnli'tl in t In* ilinurain. By giving suitable valiiea 
to tlu' (’Hpai’ilaneo of Ibis einultMist'r a larg(' range of frequencies 
may be oblai(ie<l. Aimlljcr I r.-tnsformer, tlu' primary of which is 
in st'i’ies with tbe reeeiver, furnishes a means of making the A.G. 
powt'r thus gmu-ratfd nvailabU' for a bridgf' eireuil. A conven- 
ient. form of this .lovier is nianufael ured by U. \\, Paul of London 
undi'r (he trado nanu‘ "Kuinngon," t!ie appropriateiU'HS of which 
is ('asily imdersiood. 'I'ho mieroplnme, reeeivmr, ami trans- 
formers an* eoutaini'tl in a felt lined east' whieli servt'S to deaden 
ilu' sotmd. A eondotisrr is also lurnished wlii<'h is variable in 
sleiiH ehosen .so as to give a number of .suitabU^ fnapumeies. 

119. The Audlo-oHcilliitor. ‘IMie fre<[ueney of the microphone 
limnmer, deseribetl above, is stimewhat variable tlejumding upon 


on iho nliaKUotis^aUon tnirvt' lunir tho nuvKinimn iM»nnoahilil.y and 
thin incn'jiat'H tlu* a!(nu’tiv(' Tosti'k of (ho poloM. Tlu' hadory alno 
hoiuIh (’iirnnit throngh llu* luioruphono ami primary of (Ijo input 
traiinfuriner. Wlu'n Iho hailt'ry kc'y in cltmial, the* rurront through 



Fa». hh. ■ Wirifig dkgmm f«»r win;U<*-«nn’i!ls»i**r. 

the* primary of iho input triawformrr iiitluroH an H.M.K. in tho 
Mccojulary whirli starts twrlHaticnw In tho roKonating oircuit 
whi(‘h inrludt's, thn ociiidtnwu^r and primary of tho tmtpui 

trtuwfornu'r, tho ammtim^ will. This oscdllftting rurnuit tdianKcH 
th(» attraction Iwtwucn the annatim^ jado tirw and thi' prongs of 
tht' fcjrk. Hinoo the ^ceomlary drcniit k tuned to the iKmorl of the 
f{)rk, thci fork reaonato to it, Ihiw tmilding up a vigortnw 
vibration. The imcirf»phoric button, bnug in nuitact with the 
fork, MUpplifw a varying current of thfe »amc friHpicncy to the 
primary of the input traiwformcr and energy from the battery is 
thiw furnisiictl to maintain the cwcillatioiw, and mrry the Icmtl put 
uiKHi the secondary of the output traiwformt'r. 

Kach trarwfonticr coll han a »nmll air ga|» to prevent diatortioti, 
but their maguctic circulte are auileitmtly chw-itl to prevent 
diaturbing stray fielda. The tweilktor l*i self utmrtlng and may 
be placed at »onic distance*, and oijcratod by a ki.»y nmr the bridge. 
The eoili art* no wound that a tl-volt l»ttory fuminhw ample 


microphone is likely to pack. It is carried by a stiff spring 
mounted on one prong of the fork and its inertia is sufficient to 
insure response to vibrations of the fork. 

120. The Vreeland Oscillator. — None of the sources thus far 
described produce alternating E.M.F.’s of a purely sinusoidal 
wave form. There are a number of important bridges which do 



Fig. 89. — Wiring diagram for Vreeland oscillator. 


not balance independent of the frequency and when a telephone 
is used as the detecting device, complete silence can not be 
obtained with impure wave forms. In such cases, when the 
fundamental has been balanced out, the overtones are still heard 
and materially mar the sharpness of setting which would other- 
wise be possible. 

The Vreeland Oscillator is one of the best sources of pure sine 
waves available. It is, in reality, a mercury arc rectifier operated 
backwards, the connections for which are shown diagrammatically 

ir> TT-ini. QO nnv..^ + i rvl +VlQ /^loTrl/^O ICJ Q lorOTP riPflT sVlfl.'nfid 
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ELECTRICITY AND MAGNETISM 


mercury cathode Ki. It is well known that the mercury arc will 
operate only when the mercury electrode is negative. When used 
as a rectifier, the condenser and deflecting coil are removed and 
the source of alternating E.M.F. is connected to the terminals 
G.D. When G is positive and D negative, current will flow from 
to through the battery B, which is here shown as the load, 
to D, and when D is positive, the path is A2K1 MG, these furnish- 
ing a current through B in the same direction as before. The 
reactances Xi and X2 serve to smooth out the fluctuations through 
the battery. 

To understand its operation as an oscillator, let us suppose 
that the source of .A.C. is removed and that the deflecting coil and 
condenser are connected to G and D as shown in the figure. The 
battery B now becomes the source of power. An arc is started 
between the electrodes Ki and K2 by shaking the tube slightly, 
thus causing the mercury pools to unite and break again. The 
tube is quickly filled with ionized mercury vapor and the arc 
spreads to the anodes Ai and A2. The switch >S is then opened 
thus stopping the arc to K2. If the impedance of the two paths 
MD and M^-ire equal and the tube is symmetrical, the arc will 
divide equally between the anodes A 1 and A 2 which are thus at the 
same potential and there is no charge in the condenser. If, 
however, some irregularity in the tube causes more current to flow 
momentarily to the anode A 1 it will be at a higher potential than 
A 2 and a charging current will flow to the condenser through the 
deflecting coil LL. This coil, which really consists of two parts, 
one in front of the tube and the other behind it, is placed so that 
its magnetic field is perpendicular to the flow through the arc. 
If the polarity is so chosen that the charging current deflects the 
arc stream so as to further increase the current to Ai a very appre- 
ciable charge may be given to the condenser. When the condenser 
discharges, the deflecting action of the current which is now 
reversed will cause more current to flow to the anode A 2 thus 
raising its potential above Ai and charging the condenser in the 
opposite direction. The deflecting coil serves the double purpose 
of furnishing a seK inductance to form, with C, an oscillatory cir- 


UK’ ( apju.iuuK.d oi Iiio coiuUniHor lu luraclH. It la found that such 
a wluMi pi’uix'vly (U'siKTHMl, will oscillate at frequencies 

nuiKi»K KH) to 4,()(K) c.ycU’H ihu' secoucl. 

Allot h(‘i' coil, placiul near the dcflectinp; coils, serves as the 
Hi'coiidiiry of an air cored Iransfornua' to supply current to a 
l)ri(lM:e. it is louiul (hat tiu' freipiency is hut little affected by 
chaugcH in tlu' load on the Hi'condary. Because of the relatively 
large coils, the inHt.ruinent iiohhi'ssch an apiireciahlc stray field 
and imiHl he jdaced at. some distance’ from th(^ hridge, to prevent 
direct induction in the (xiils whiidi ai'i* hi’ing studied. 

121* Tha Electron. Tube Oscillator.~( )n(' of the simplest and 
most clTi’ctive means of ohtaiuing alternating voltage of any 
dcHircd frc{(ucucy is that in which a three element electron tube 
is used t.o maintain continuous oseillai.lons in a resonance circuit. 
Tlu' underlying: princi[)le is the amplifying action of the tube 
wldtdi will h(' (h'Hcrihed in eha)). XIV. It will be sufficient for 
the prc'Hcul purpose to point out that the (dcctron tube consists 
of a highly evaeualetl glass container in wlueh are ])laced a fila- 
inenl and a met id jilaU' wit h a grid mounted lietween tlu'.m. The 
grid cuusistH of a fairly coarsen meshed structure of fine wires. 
Wlum the (ilauumt. is lu'ated to Incandeseenei’ hy an electric 
cummt, it emits eleetrons which may he drawn to the plate by 
a battery couueeted thrimgh an ('xternal eireuit hi'tween the. 
plate and fdament. The positive terminal of the battery must 
h(’ couiuH’tetl to the plate. 

Inasmuch m the electrons, to ri'ach the plate, must pass through 
the UK’shcH of tlu’ grid, tlic muuh(*r arriving at the iilate may be 
controlltnl hy giving suitahh’ iiotcntialH to the grid, and may be 
stopped entirely, if the grid is Hufliciently lu'gative. Inasmuch 
art ilie energy required to maintain a givi'ii potential on the grid 
is small, the device acts as an electrical throttle valve, whereby 
th<' availtihle energy of the {ilate circuit battery may readily 
he controlled. Kigure 120 of chap. XIV shows the relation which 
cxIhBi Irntwecm the plate current and grid volts. The time 
requirtHi for an electron to travc’rae the distance from filament 
to plate dependM upon the ixitential of the jilate but is of the 
order of 10 * Hecondn. dhanges in jilate current accordingly 
follow ehtintrfm in treid volts with remarkable swiftness. 


r(\si)(u;tiv('ly. Tlu^ fihuiu'nl in lu'ulf'd by thr but lory *1, wIioho 
curront Ih coiitrollod by (lu‘ rlH'OHlitl R. 'Plu' bat lory li fiirni.shoH 
the potouiial to draw ilu' (‘IcM-iroiiH from tht‘ lilanu'ut to tlm 
plain. Tlu^ iiuluntaiuu' L and Ihc* nomb'iiHi'r (' form tlu‘ oHcilla- 
tovy nirnnii. To undc'rHlaud llu' way in which oscillationH arc 
RiiHtainnd, lei uh supixw' that, by cloHinK llu' nwitch *S', llu' cHlal)- 
liHhmnnl. of a cnrn'ni liiroUKli tlm coil /. han prothuual a IranHinnt 

oNcillation in the* nirnnii, //’, 
'PhiH would ((uinkly di(‘ out if 
t ciuM’gy wcr(> !iol supplied to it 
lo nompcnsalc' for Mm Iohhch. 
SuppoH(‘ that llu' osnillaiory 
numml through L is in Urn 
direct ion of Mu' arrow and is 
fe‘ ”‘”nHing. I)u(' to th(* self in- 
P duntannt* L Mmre will b(> an 
T in Mu' noil in the 

dirt'clitm J)R, 'Phis lowers 
tin* potential of the grid with 
respenl to tlu' filanu'nt which 
thus tienrt'UHeH tlu‘ plate t’ur- 
rent, (huving through the 
part Lp. 'Phis denreaw* in the 
Vuu eo. Ktt-.'tr,.n tuh.. ....nll.itur. currejit iiuluneH in Lp an 

R.M.F. which tends 1 (j ket'p tin* fwnillntory ntirrent llmving. A 
continuation of this ri'asotiing thremghout the nhanges occurring 
during a complete cycle will show tiiaf the variations in plate 
current always induce in Lp an R.M.F. tejuling to drive the 
osoillatory current in L in the dirc'clion in wltieh it happens 
to he flowing at any instant. The (weillaliotiH would increase 
indefinitely in amplitude were it not for the fart tliat the grid 
volt,”plate current eharaeteristic of the tula' Is'enmes iuiri^ontal 
at each end, 

FrequcncieH ranging frean 1 cycle to several niilltons per 
second may l)e obtained. Alternating eurn'ut jauver for bridge 
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122. Telephone Receiver.^' — The telephone receiver is one of 
the most generally useful of the various instruments for detecting 
the balance condition in a bridge circuit actuated by alternating 
currents. It consists essentially of a horseshoe magnet upon 
which is wound a pair of coils carrying the 
current to be detected, and a soft iron dia- 
phragm mounted near the poles as shown in 
Fig. 91. The current through the coils mag- 
netizes the core which attracts the diaphragm 
with a force proportional to the square of the 
induction produced. The sensitivity of the 
receiver is increased by using for the core, 
not a piece of soft iron, but a permanent 
magnet. The way in which this is brought 
about may be seen from the following con- 
sideration. Let Bq be the constant induction 
through the gap due to the permanent magnet, and let the addi- 
tional induction which is proportional to the current i in the 
coils be hii. Then the total pull on the diaphragm is given by 

Pull = = k 2 {BQ -h kiiY — k^Bo"^ -f- 2 kik 2 Boi ki^^p 



Fig. 91. 

receiver. 


D 

Telephone 


The first term represents the pull due to the permanent magnet 
alone, the second, that due to the current and magnet combined, 
while the third is that due to the current alone. If it is desired to 
have the motion of the diaphragm follow the variations in the 
current so that its motions may reproduce for the human ear 
the sound waves acting upon the diaphragm of a distant tele- 
phone transmitter, then the receiver must be so designed that the 
second term is large compared to the last which contains the 
square of the current. The first term need not be considered 
since it is independent of the current. The desired effect is 
attained by making Bq large compared to hii. Since B^ enters 
as a factor in the second term, making it large has the effect of 

^ Mills, Radio Communication, p. 27. 
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i = I sm cj)t. The last term then becomes 
hki^Psin^ojt - hki^P-~ 
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and it is seen that the distorting pull is made up of two parts; 

Jc2ki^P 

A constant part — ^ — which need not be considered and a 

pulsating part halving twice the frequency of the phone current. 

Since the diaphragm of the telephone receiver is an elastic 
body it will have a frequency of its own and will accordingly 
respond more vigorously to frequencies which 
correspond to its natural period, and another 
source of distortion is thus introduced. For 
bridge work, however, this fact may be utilized 
to increase the sensitivity by impressing upon 
the bridge the frequency to which the tele- 
phone resonates. Phones for this particular 
purpose are constructed in such a way that 
their resonance frequencies may be varied 
over a considerable range. 

123. Thermo -galvanometer. — The Duddell 
Thermo-galvanometer is an adaptation of the 
Boys' radio-micrometer for the purpose of 
measuring and detecting small alternating 
.currents. The moving system, shown in Fig. 
92, consists of a single turn of silver wire at 
the bottom of which is a tiny thermocouple 
of bismuth and antimony. The system is 
suspended by means of a fine quartz fibre between the poles of a 
strong horseshoe magnet and carries a small mirror by means of 
which its deflections are read with a lamp and scale. Imme- 
diately below the thermo-junction is mounted a resistance unit 
through which the current to be measured is passed. The heat 
from this current is carried to the thermo-junction by convection 


Bi msb 

fWWvv^ 
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Fio. 92. — DuddoU 
thermo-galvanometer . 


action of the field. Since the heating effect is proportional to 
the square of the current while the thermal E.M.F., for small 
temperature differences, is proportional to the temperature, the 
indications of this instrument are roughly proportional to the 
square of the current. 

Several heating units are provided with each instrument and 
range in value from 1 to 1,000 ohms according to the current 
sensitivity desired. For low resistances, they are made of fine 
wire bent back and forth but for the higher values, fine platinized 
quartz fibres are used. With the latter, current sensitivities of 
10~® amperes are obtained. This type of instrument may be 
calibrated on direct currents and then used to measure alter- 
nating currents. Since it is practically free from inductance, 
the instrument may be used for the measurement of currents of 
very high frequencies. Because of the low resistance of the 
moving system it is critically damped electromagnetically, and is 
usually designed so as to have a period of from three to four 
seconds. Because of the delicacy of the quartz fibre suspension 
and the light silver loop, it is not a robust instrument and must be 
handled with caution. The heating elements are easily burned 
out and should always be protected by a high resistance which 
may be reduced to zero when it has been ascertained that safe 
limits of current will not be exceeded. Sudden changes in tem- 
perature cause the zero to drift and the instrument is usually 
enclosed in a tight wooden case. 

124. Vibration Galvanometer.^ — The vibration galvanometer 
is one of the most useful instruments available for the detection of 
minute alternating currents of commercial frequencies. To 
secure suitable sensitivity, advantage is taken of the principle of 
resonance. That is, the moving system is so adjusted mechan- 
ically, that its natural period coincides with that of the alter- 
nating current to be detected. Although the instrument shows 
very little response to direct currents or to alternating currents 
to which it is not tuned, nevertheless when resonance has been 
secured, a very appreciable vibration results. The vibrations 
are indicated by means of a small concave mirror carried on the 
moving system which focuses the image of an incandescent fila- 


the line. 

One of the chief reasons for the superiority of this instrument 
is the fact that its response is selective. In many measurements 
it is necessary to use a pure sine wave, a thing difficult to secure. 
Since vibration galvanometers may be made with a selectivity 



Fig. 93. — Leeds and Northrup 
vibration galvanometer. 



Fig. 94. — Tuning mechanism for Leeds 
and Northrup vibration galvanometer. 


SO high that their response to the third harmonic is of that 

to the fundamental and to the fifth, impure waves may 

be employed with very little if any inaccuracy introduced. In 
fact an interrupter of the vibrating wire type described above, 
giving a square wave form, may be employed. The current 
sensitivity of the vibration galvanometer is about the same as 


that of a good telephone receiver — i.e., 10"® amperes. 


Obviously Hihe instrument may be of either the D’Arsonval or 
the Thomson type. In Fig. 93 is shown one of the former, or 
moving coil instruments, while Fig. 94 shows how the moving 
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system is tuned. The coil is held in position by a taut phosphor- 
bronze ribbon, the effective length of which is varied by means of 
the movable bridge carried on the upper screw. By sliding this 
bridge up or down rough tuning is obtained while fine adjust- 
ments arc secured by slightly changing the tension of the sus- 
p(insion by means of the lower screw and spring. 

Figure'. 95 shows a Tinsley instrument of the moving magnet 
typ(\ The vibrating system consists of a small permanent 
magnet mounted on a taut metallic ribbon behind which is held 



Via, on,- -'I'innloy vibration Ktilviinomotor. 


the fixed (Uvlleciing coil. Si)ecially shaped pole pieces concen- 
trate'. the', fielel e)f the large horseshoe magnet on the moving 
magnet. Siuce^ the perioel of the^ system is determined largely by 
the stremgtli e)f tliis exten-nal fie'lel, timing is obtained by changing 
this fielel. This is acceimplisheel by moving the soft iron magnetic 
shunt alone: the heirseshoe maerneit. The milled head shown at 


ac.iinp; upon Uk' moviii/i; (>oil is 

in(l(^p('n(l('nl of l.lu' polaril.y of 

th(^ .supply. I I s op('m|.iou is 

ooinplicfiicd by l.lu' fuc.(. ihat., 

wlu'ii (‘oiuk'cIcmI to l lu'. l)t‘i(lg(', 

(Ik'H' nr<‘ pn'scni in Mu' <‘oil 

t wo ciirnMiis. oiu' (hu' to l.lui 

luibuinncis! coiniilion of tJu; 

bri(lp;(‘, und oik* induci'd by 

llu* allt'nialing llux of Min 

galvanonu'ti'i’ linld. Sinw* Min 

foiMiii'i' is small and disaiipi'ars 

Pi(K nirrm.t. jp, ), Gianni', Mk> latter 1)V far 

Kiilvanonu'tor. . • 

overpowers it and must. ('iMu'r 

bo eliminated or made, iiu'lTni'iivi’. 

It may be shown in the. following manner (hat wlu'ii t lu* eurri'nl. 
induced in the coil is 90° out of phasf* with (lu* (lux through it, 
the toripie is zero. 

Let 0 = « iiiHtaiiiaueouH llmv: through the noil and 

i ~ ± 0) instantaiu'ouH current in (lu* coil. 

The torque acting upon Mu* coil in a givi'ti position at any 
instant is then 

r ™ A'fhsin / sin (a>/ I 0 } 



where /<■ is a constant dcpimding upon (la* geometry of (he inst ru- 
ment. The average valuer taken over the time 7’ of om* complete 
cycle is 


JCcb/ pi' 

■ sin coi Hin(w' ± 


T Jo 

n' 

rjo 

/Cci>/r 

-y-[co 

Ki>If 

IT “ 


Mr.,. 

,, I Rin coqHin cos 0 ± cos w/ sin 0)dt 

I>/r , . rr 

“I cos Oj mn^oitdl ± sin 0 I sin ml cos mtdt 


cos 


1 — cos 2ml . sin 0 sin® ml 1 K<hf 


The resultant torque on the coil is, accordinglv, positive, or 
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negative depending upon the sign of 6 and is zero for 0 = ±-^- 

Since the E.M.F. induced in the coil is 90° out of phase with the 
flux producing it, the condition stated above is equivalent to 
saying that the induced current must be in phase with the E.M.F. 
In other words, the bridge circuit to which the coil is connected 
must be nonreactive. In certain bridges such as those for com- 
paring two condensers or two inductances this is obviously 
impossible. The required condition may, however, be met by 
shunting across the coil an appropriate variable reactance, e.g., 
an inductance with a variable series resistance in the former case, 
or a condenser and resistance in the latter. 

When the galvanometer is first connected to the bridge, it will 
be found that, due to the action just described, the coil assumes a 
very rigid position, including either a maximum or a minimum 
amount of the field flux. If the former position results, a leading 
current through the coil is indicated, and a shunt with an induc- 
tive reactance must be applied. For satisfactory operation, a 
certain amount of stability is required to give a constant zero 
position, so inductive reactance across the coil should predomi- 
nate. Since the reactance of the bridge is an important factor in 
determining the rest position of the coil, the galvanometer key 
must remain closed, and the balances established by opening and 
closing the supifly circuit to the bridge. 

The alternating current galvanometer has an important advan- 
tage over detecting devices such as the telephone or vibration 
galvanometer, in that it swings to the right or left according to 
the phase of the current at the galvanometer corners of the bridge 
while with the latter, no such effect is possible. Furthermore, 
if a direct current is supplied to the field, it becomes an ordinary 
D’Arsonval galvanometer and may be used to determine the 
steady state balance. Its sensitivity may be made 100 times that 
of the telephone or vibration galvanometer. It has, however, 
one distinct disadvantage, in that the deflection depends not 
only upon the field and current through the coil but also upon the 
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ALTERNATING CURRENT BRIDGES 

126. General Considerations.- -In oihUm* to obtain the voactivo 
effect of an indiietance or a c.apae.it.muu'. it. in lU'cc'Hnary that, tlu^ 
current through it should b('. variable. In tlu' (uirly bridgt' lucniH- 
uroments for coinpai'ing induc.taiKU'H or oapacitaiuu'H and (‘ven 
for determining an indnctaiua^ in teriuH of a (‘.apaeitamu' ilu' vari- 
able current wan obtained simply by cloning and opening the 
battery circuit leaving the galvanonudor i)erman(‘ntly ('onneelod 
to the bridge. The galvanomeb'r cunployt'd wan UHually of 1 lu' 
long period ballistic type. This i)roc.(Hhir(‘ is opem to t wo obj(H‘.- 
tions. First, the sensitivity tluis r(‘alii5abl(' is not great, and 
second it may lead to roHults whicli an^ apprc'ciably dilTc'rcmt from 
the effective values of the eondenHC'rs or coils wlum eini)loy(‘{l, 
as is usually the case, in circuits Iraverst'd by alt('rnatitig 
currents. For example, tlie effective valu(‘ of the H('lf in- 
ductance of the primary of a transfornK'r wlum an all ('mating 
current is flowing through it., depends upon tlu^ load across 
the secondary. If measured by the make and break method 
with a ballistic galvanometer as tlu' detecting d('vic(', tlu* n'sult 
is the inductance of the primary alone iiuh'pendent of the effect 
of the secondary. 

The ballistic galvanometer is an integrating instrunu'ut, and a 
zero deflection does not necessarily nu'an that tio current has 
passed through it, but that ecpial and opposite' (plant itic's have 
traversed it. The bridge may have' been out of balance ('ach way 
during the time the current through it was elianging. It is, 
accordingly, much better to use alternating currents through 
the bridge and employ a detecting device such as the tt'k'phone or 
vibration galvanometer, a zero indication of which indicati's that 
at no time is there a current through it, and that the. bridges is 
balanced at all times. 



aic L/wu uuiiu.il/njiia wiuuu iiiusu uu atiuaiiuu. xuau, i/iiu uiiugu 
must be balanced for direct currents, ‘'steady state balance, 
and second, it must be balanced for alternating currents, “vari- 
able state balance.’^ These two balance conditions may be 
interpreted in the equation for the bridge in a simple manner. 
An expression is deduced, involving one current and its time 
derivative. The “steady state balance” means that the coeffi- 
cient of the current term is zero. The “variable state balance” 
means that the coefficient of the term for the changing current, 
i.e., the time derivative, is zero. This applies to any bridge 
for which the balance condition may be reduced to an ex- 
pression involving only one current and its first time deriva- 
tive. Such a bridge balances independent of the frequency. 
If a second time derivative is involved, as, for example, in 
Trowbridge’s bridge and the frequency bridge, the wave form 
of the current must be assumed, and the bridge no longer 
balances independent of the frequency. In some instances, the 
student will find it advantageous to obtain the former by the 
use of a battery and direct current galvanometer, and later 
apply an alternator and detector for the variable state balance. 
After becoming experienced in this type of work, however, 
both balances may be obtained simultaneously by the use of 
alternating currents. 

127. Maxwell’s Bridge. ^ — One of the sirnplest methods for 
determining an inductance in terms of a capacitance or vice 
versa is the method known as Maxwell’s bridge. It consists of 
an ordinary Wheatstone’s bridge with three non-inductive 
resistances Ri, R^, and Rz, as shown in Fig. 97, while the fourth 
arm contains the inductance L to be determined. Let the ohmic 
resistance of this coil be R^. To offset the reactance of the coil 
L, a condenser C is placed across the opposite resistance Ri. 
When an alternating E.M.F. is applied to the bridge, the 
current in the upper half will lead the E.M.F. , while that 
in the lower half lags behind it. Accordingly, if an A.C. 
galvanometer or other detecting device is connected ahead of 
the inductance and behind the condenser, the arms of the bridge 
may be so adjusted that the potential changes at D and E are 

’ Maxwkll Electrioitv and Macnetism. vol. 2. n. 387. 
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The conditions necessary for balaiKu^ may l)o ol,)t.ainod in the 
following manner. Let the instantaiu'ous (uirreuts through tlu^ 
various elements be designated as in the iigurci. By (‘ciuating 
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the fall of potential from A to D to that from A to A’, atid l.h(\ fall 
from D to B to that from B to B and noting that fa is made up 
of i and ii the following equations result. 


currents may therefore be eliminated and the relations between 
L, C, and the R*b obtained which are necessary for a balance. 


suosbiLutiug bue vtiiub ui %z irom eq. xii eq. \^o), we nave 


a R 

If the bridge has first been balanced for the steady state, — 

Xb3 

= i? 2 , whence only the terms containing the derivative of ii 
remain. The second condition for balance is obtained by equat- 
ing the coefficients of the derivatives, whence 

L = R^RzC (7) 

While the theory of this bridge is simple, its application in the 
laboratory is somewhat tedious in case both L and C are fixed. 
For example, suppose a steady state balance has been obtained, 
and it is attempted to satisfy eq. (7) by changing R^ or Rz. The 
steady state balance is immediately upset and must again be 
obtained before the test for the new value of R^ or Rz can be made. 
If L or C are continuously variable, eq. (7) maybe satisfied with- 
out disturbing the steady state balance, and it is in this case that 
the bridge is particularly useful. An experienced observer 
however, quickly Iciarns to make both balances simultaneously. 

128. Experiment 20. MaxiuelVs Bridge for Belf hiductance . — 
Make the connections as shown in Fig. 97 using for L a continu- 
ously varialde inductance and for C a subdivided condenser. 
As a source of E.M.F., use an alternator giving a frequency from 
500 to 1,000 cycles per second, and a pair of head phones as the 
detector. It may be well to use a battery and ordinary galvanom- 
eter to obtain the steady state balance. Connect double pole 
double throw switches so that each source and detector may be 
quickly exchanged. For the steady state balance, care must be 
taken to close the battery key before the galvanometer key. 
Obtain the variable state balance by changing L. If the balance 
does not lie within the range of L, change either C or one of the 
resistances of eq. (7). If the latter is done, a new steady state 
balance must be obtained. 

Report. — Plot a calibration curve of L as a function of its scale 
readings. Define coefficient of self inductance. If a copper 
disk were held near the coil so that its face is perpendicular to the 


waR pomtoci oiii. anovo uiai. iiu; {uijuHinu'mh lor Daiaucmg iviax- 
wcll’s bridgo aro likely to bo todiooH Ixuuuiko (ukiIi attempt to 
obtain a variable state balance luxu'Hsitatt's a r('d('t(n*mination of 
the steady state balance. Anderson has Hiif 2 :f 2 ;('s(.('d a simple 
device by which the variable', state balane.e^ may be^ obtained 
without destroying that for stexidy stales. 'The (‘.onneedions aro 
shown in Fig. 98. It will be noted that the e.omh'nser C, instead 
of being connected to the point D has tlu' rc'sislanee r, placed in 
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series with it so that its time constant may be vaiF'd. SiiHee, in 
determining the steady state balance, the contltmsf'r prodiux's no 
effect, it may bo left in cnrciiit during that proc.esH, and the only 
change introduced is placing r in series with the galvanonudor. 
This reduces slightly the sharpnesH of balance which is of little 
consequence. The steady state balance may accordingly be 
made once for all, and the variable state balance obtained by 
adjusting r to the proper value. 

The determination of the balance condition is somewhat more 
complicated and is as follows: Lot the instantaneous currents 
through the various elements of the bridge he designated as 
before. The points P and E are now the ones remaining at the 
same potential. Accordingly, 

Hg " Hi "f" i 


( 1 ) 



+ i) + n = i + idt (5) 

Eliminating i\ between eqs. (2) and (5) we have 

Imposing now the condition for the steady state balance, it is 
seen that the coefficients of the integrals are equal and eq. (6) 
then becomes 

y + r = -A (7) 


Ri ^ ^ RzC 


Rearranging and using 


Rx ^ R, 

R2 Ri 

cf (R, + Ri) r + R 2 /^sl 



Fig. 99.~Stroude and Oatoa bridge. 

Another change in the arrangement of this bridge has been 
suggested by Stroude and Oatea^ which is usually an advantage. 
The general theory of bridges shows that it is always possible to 



tion. Tho principal advnnlag’c in this nu'tliod li(\s in t.lui fact 
that 7 ’ is now in series with the hihlgc' and a <!orresi)on(linfi;ly 
higher E.M.F. may Ixi used withoui. injuring lh(' r('sisl,au(^(^s. An 
increase in sensitivity is thus s(H!ur('d. '’I'ln' sam<* halaina^ condi- 
tion, ecp (8), ai)i)lies. 

130. Experiment 21. t^lraudc and (hth's Hrfdga for ^Self 
IndMdance.--~C(mn('v.t the apparatus as shown in Idg. 00. For 
power su])i)ly and det('etor use either an audio frcapK'tuw 
orator and jOioiu's or city A.('. supply and alternating eurnnit 
galvanometer. Tlu' latter is particularly w<'ll adapU'd to this 
bridge. Arrange double poh' double throw svvit(Oies so that a 
(liroet current source and ordinary galvanoniebu’ may (piickly be 
Huhstitutnd for making tlu' sle.ady stab' balanc(‘. 

As an unknown inductance, us(' two coils niounb'd in a fixed 
position close imough to oiu' another so that mutual inductance 
exists between them. Measur(‘ (lu' induclance of each si'jia- 
rately, then coimc'ct them in sm-ies and nu'asurc* (he ri'suK.ant 
inductance with (.he connections direci and reversed, that, is with 
the mutual inductance first aiding and (hen opiiosing Ihc' self 
inductances, (hilling Jj\ and /va (hi' self induclanei'S of tlx' 
individual coils, and L„ and fo, (he two (ogelher when aiding and 
opiKising respectively, the following ('(piations hold 

L., = /., f La -b 2M (9) 

1j,i Ij\ *1' La • 2il/ 

Report- — Check your results by solving eip (9) for M. (live 
a iihysical interpretation for ecp 9. 

131. Trowbridge’s Method for Self Inductance. In Aii. Ml 
there will be described a method by which an induelancs' may hc' 
mcuiHurcHl in terms of eapaeilanec' using thc‘ (wo rented anees in 
series in one arm of a bridge. While' (his amuigeme'iit aelmi(s of 
an oxceiedingly sharp adjnstmemt, t he' bridge may be balanc’c'd for 
only one fretpieney for given value's of L and In fact one of its 
most useful applications is tlic determination of fre'epienefy using 
reactances of known magnitude's. Trowbj'idged has shown tliat 
if the reactance's are sliuntc'd with properly ehosen re'sistanec's tlie 
balance condition may be inadc^ imlc'pe'jieh'nt of thev freuiuency 
while sensitiveneHS of balanee; is veu’y inapprcsciably simrificod. 



iji .1 UK. i,ui I c.aus oc aosig;natecl as indicated m the figure. Then 
putting, foi the nioinent, — 0, the following equations must 
hold for the balance condition ; 
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— R^ii 

(1) 

Riiii 

= R.u -f- n,5 

(2) 

Ri, 
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(3) 

n’o 

= fsdi 

(4) 

i‘2. 

== V,;i 4 

(5) 

fa 

“ ff, -h f(i 

(6) 


For simplicity let /tl, ~ thc'.n . 



Fki. 100. 7't’owhriclg:o'8 rnot.hcKl for self induftiinco. 


Fjlimiriatitig /o between (hih. (2) and (G) we have 

UU — r) ii = Rii — rU (7) 

Again eliminating fa between eqs. (2) and (4) and substituting 
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( -o]lc(!tinft’ tenn.s wo liavo, 
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dt 


"1“ 


— r I u /-I ^0 

+ rRnC 

r rC.Tnd^in 

(Rn - i J - 0 ( 10 ) 


Olearinp; of fractioiiH, 

HR, -r)(R+ n) - Rn)\u + I(/f, - »■ - R)L 

+ rIU{R +u)C - Rn,C\ + («, - U)rU' =. 0 (11) 


AsHiiinitiK now that U ih an altcrnatinp; currtnit of the form 

in * / Hin wt 


and KubHtitiiting this in oq. (11) thoro rosults 

[(Ri ~ r){R + Tq) — Rrn] sin col + [{Rt ~ r «»“ /^) L +rRn 
(R -{- To) C — RrroC] Jw cos oii -» {Rn — R) tLCIm^ m\ (at ^ Q (12) 


In an ordinary measuromont in which C is oxproBHod in micro- 
farads and L in millihenries the hwfc term is of the order lO”'" 
and may be neglected without appreciable error, Bince eq. (12) 
holds for all values of t, wo have 
when t « 0, 


(Rn r — /i!) L + [rHn(R 4* ro) ”*• Rrfa] C ** 0 

whence 

. _ [Rrro - (R + ro)r/28]C 
Rn- R - r 
[no{R - Rn) - RR,r]C 
Rn-R-"r 

when 


(13) 


t « 2) r){R + fo) - Rrxi 


0 


(14) 





given by cq. (13) is exact and reduces to 

L = = m>c = RV (15) 

The bridge, when used in this manner, is well adapted to the 
standardization of a variable inductance such as Brooks inductom- 
eter but is not well suited to cases in which the values of L 
and C are fixed or variable by steps, since it is impossible to adjust 
for the variable state balance without upsetting that for steady 
states. The author has pointed out that this difficulty may be 
avoided by use of the resistance Ra as shown in the figure. If 
identical boxes are employed for r and /?4 and a steady state 
balance obtained with 7^4 set at a suitable value, then the variable 
state balance may bo obtained by shifting plugs from one box to 
the other, keeping r -|- constant. If an equal arm bridge is 
used, this has the effect merely of adding to both the upper and 
lower right hand arms of the bridge the value of 7^4. Eq. (13) 
then becomes 

j [rro {R -R,+ R,) - Rr{R, - R,)]C 
Ri - R, - 7t - r 

132. Experiment 22 .— Trowbridge^ s Method for Self Inductance. 
Connect the apparatus as shown in Fig. 100 using the telephone 
and suitable oscillator for detector and energy source respectively. 
As an unknown use a smoothly variable inductance, and set the 
four resistances Ri, 74, Rz, and R at suitable values, e.g., 600 ohms 
each. C should be a subdivided standard condenser. Measure 
the unknown for several settings and plot its calibration curve. 
Replace the variable inductance by one of fixed value, and meas- 
ure it, making use of the resistance Ri as explained above. 

133. HeydweiUer’s^ Network for Mutual Inductance. — In 
Exp. 18, a method due to Carey-Foster, was used for the measure- 
ment of mutual inductneo in terms of capacitance. The essential 
feature of this method consists in balancing the charge of a con- 
denser against the quantity of electricity induced in the secondary 
of a mutual inductance when a certain current change takes place 
in the primary. This balance was effected by discharging the 
two quantities involved in opposite directions through a long 


adjusting the time constant of the condenser circuit. 

This defect was overcome by Heydweiller by the introduction 
of the resistance S as shown in Fig. 101 and a very satisfactory 
method for the measurement of mutual inductance was thus 
obtained. The resistance P includes that of the secondary 
coil whose self inductance is L. The conditions which must hold 



Fig. 101. — Heydweiller’s network for mutual inductance. 


for zero current through the galvanometer may be obtained 
as follows. Designating the instantaneous currents through 
the various resistances as indicated in the figure, we have 


^2 — fa 

(1) 

— ii “h fi 

(2) 

Rii ~ 'q \ "h Si2 

(3) 


(4) 

From eqs. (2) and (4) we have 



(5) 

From eqs. (3) and (1) 


ii = 1 iidt + ^ t’s 

(6) 

Differentiating eq. (6) and substituting in eq. 
on collecting terms, 

(5), there results. 


Diiice ail aiuemauiig n/.ivx.r . is appiiuu to tins circuii/ me cuirenu 
iz is also alternating and may be represented by 


'Iz 


I sin oit \ whence = /w cos coi 
at 


Substituting these values in eq. (7) we have 

Ml 
RC\ 


[l - iW /o) cos lof + [P 


( 8 ) 

I 7 sin coi = 0 (9) 


Since eq. (9) holds for all values of t, we have 
when 

(Jit = 0, L 

when 


R 


^-T-=0orif = L^^ (10) 


= o. ^ = 0 or M = PRC 

Z liL 


It is thus seen that there are two conditions which must be 
satisfied in order that there should be no deflection of the galva- 
nometer, when an alternating E.M.F. is applied. The second of 
these is the same as for the original Carey-Foster circuit, which is 
obtained by putting S' = 0. The impossibility of satisfying the 
fiirst condition under these circumstances is obvious for then 
If = L, an inflexible condition, diflicult to satisfy. This circuit, 
while not strictly a bridge, resembles one in that two balances 
conditions are necessary. 

134. Experiment .23. Heydweiller’s Method for Mutuallnduc- 
tance . — Connect the apparatus as shown in Fig. 101. For 
M use a pair of coils whose relative positions may be varied, and 
for C, a subdivided standard condenser. The purpose of the 
experiment is to determine M as a function of the setting of the 
movable coil. As source and detector use cither the wire inter- 
rupter and vibration galvanometer, or an alternator and tele- 
phone. From the known E.M.F. of the source, compute the 
minimum value of R in order that the power consumption in it 
should not exceed 4 watts per coil. 

Report. — Plot M as a function of the scale readings of the 
instrument. In computing M use the second of eq. (10). Check 
the accuracy of your results by substituting in the first of these 
equations and note the constancy of the values for L. In con- 



135. Mutual Inductance by Heaviside’s Bridge.’ — If one of 

the arms of a Wheatstone bridge is inductive while the other 
three are non-inductive it is impossible to obtain a balance since 
the E.M.F. across the inductive arm will have a component 90 
deg. out of phase with the current through it, and the E.M.F. ’s 
at the galvanometer corners of the bridge can never be in phase. 
It was pointed out by Hughes that if in series with the galva- 
nometer there is connected the secondary of a variable mutual 



Fig. 102. — Heaviside’s bridge for mutual inductance. 


inductance, the primary of which is included in the supply 
circuit, an E.M.F. in quadrature with this current and hence 
opposite in phase to the E.M.F. due to the self inductance of the 
bridge coil may be obtained and a balance thus secured. 

In discussing this circuit, Heaviside pointed out that a more 
satisfactory arrangement results if the secondary of the mutual 
inductance is introduced, not in the galvanometer circuit, but in 
the arm of the bridge adjacent to that containing the inductance 
under consideration. The E.M.F. thus induced in Lx by mutual 
inductance may be made to compensate the difference in the 
E.M.F’s of self inductance in Lx and L^. Such an arrangement is 



( 1 ) 

( 2 ) 

( 3 ) 


i = ii + ^2 

Eliminating i between eqs. (1) and (2), we have 

+ + f)=K,i.+i* (4) 


Substituting in eq. (4) the value of ii from eq. (3) 



. I r Rs dil 

( 5 ) 

Imposing now the condition for steady state balance, the terms in 

ix vanish, whence 

T Rs 


L, + m{i+ 1) = 

(6) 

or 



M{Rz + Ri) = LiR; - 

LxR/i 

( 7 ) 

whence 



„ LiRi — LxRa 

( 8 ) 

If an equal arm bridge is used, i.e., R& 

= R, 


M = - 

L.] 

( 9 ) 


Campbell has suggested a simple modification of this bridge 
whereby self inductances may easily be measured in terms of 
mutual, provided a continuously variable standard of the latter 
is available. This inductance is introduced at I, shown short 
circuited by a link in the figure. A balance is first obtained with 
the link inserted. Let Afi be the reading of the variable standard 
for this setting. Introduce the unknown by removing the link 
and balance again varying Rx or to compensate for the added 
resistance of the unknown coil. Let ^2 be the new reading of 
the standard. Then, for an equal arm bridge, 


Mx = mu - Lx) 

Mi = 3^ (1/2 — Li + Lx) 


whence 


Lx = 2{Mi - Ml) 


( 10 ) 


182 


ELECTRiaiTY AND MAGNEThSAr 


A further simplification results if La is a variable inductance, 
for then the first balance may be obtained by making M i zero and 
adjusting La until it is equal to Li. When a se(K)nd balance has 
been obtained, L* is simply twice the value of M. N(‘ithor h 
nor La need be known. This method is particularly uscvful where 
a number of inductances of the same ordcu’ of magnitiuhi luv. to 
bo measured. 

136. Experiment 24. Heaviside’s Bridge for N<‘lf I nduetance — 
Connect the apparatus as shown in Fig. 102, using for M a 
variable standard of mutual indiKitamu^ La should b(^ a 
continuously variable self inductance. As a (fid.tud.or, uh(^ 
phones, vibration or A.C. galvanometer with appropriate source. 
Measure a series of self inductances. 

Report. — Is there any choice, in this bridge, as to whic.h of the 
two coils of the mutual inductances is use'd as t.he^ primary? 
May the leads to the primary be interc, hanged at libc^rty ? ( 'ould 

a variable state balance be obtained if the unknown weu’e intro- 
duced in the arm /?<? Explain. 

137. Maxwell’s Bridge for Mutual Inductance. ‘—The simplest, 
though not the most sensitive bridge for the nuuiKurement of 
mutual inductance is one devised by Maxwell. The nudhod 
consists in obtaining the mutual indiictarux', of a pair of coils in 
terms of the self inductance of one of thorn, Tlu' eonmudions 
are shown in Fig. 103. In the discussion of (ho Ib'avisido 
bridge. Fig. 102, it was pointed out that a balaner' could bo 
obtained by introducing in the coil h\ by mutual inductamu^ an 
E.M.F. which would compensate for the difference in E.M.F.’s in 
the coils Li and Lj. It might equally well have been said that the 
E^M.F. in the coil La balances the difTeronco between the E.M.F. 
in Li due to mutual and self inductance. If the relative values 
of the currents in the primary and secondary of M are changed 
these E.M.F.’s may be made equal without the use of the coil La. 
This is the method employed in the Maxwell bridge, and is accom- 
plished by shunting the entire bridge by the rosistanee /?. 
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Eliminating i between eqs. (1) and (2) 

fi.-.+Lf + f = (5) 

But, from eq. (3) 


and, from eq. (4) 

. Rz “t" -^4 • Rz ”1“ Ri Ri • 

w 


IE tz 



Fia. 103.— Maxwell’s bridge for mutual inductance. 


Substituting these values in eq. (5) there results 


Riii+L^^~ 


M 1 + 


R 2 , Rz + Ri 


Ri 

lii- 


ll _ 

J dt 


RzRdi 

R, 


( 6 ) 


Ri ' R 

Imposing the condition for a steady state balance, the terms in ii 
vanish, and we have 


Ri I Rs “H R4, R2 
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and cq. (7) may be wi’itt('n 

r', t. I 

138. Experiment 26. Mutual Inductancr in Tcrnn^ of t<rlf 
Inductance, by MaxweU\^ HrUi{}v. (’onnec'l. tlu' nppuraUw an 
shown in Fip;. 103 using for M stwt'ral pairs of coils with (ix(‘(l 
mutual inductances. ()i)erate the bridge (‘it her with phoiu's, 
vibration or A.(b galvanonu'tnr, and approi)riat(‘ .sourc(‘ of supjdy. 
After the ({(‘.termination of M for (‘ach pair of coils, iut(‘rehang(^ 
primary and s('.(!ondary and (Ou'c^k your r(‘sult.. 

Report. — Is the balance as sharj)ly (l('(iu('(l as in sonu' of the. 
bridges previously us('d? l*bx])lain. At ilu^ l)alanc(‘ point, are 
the currents in R and R\ in phase'.? 

139. The Mutual Inductance Bridge.— l''igure 104 n'pn'sentH 
a bridge in which two (!()(vnieienis of mutual inductance' may 
readily 1)0 compared provided one of them is a variable standard. 
Designating the various parts of tlu' bridge' as indicat('d in tlm 
figure, the balance conditions are as follows; 

liiii -}- 4“ “ R'&i% 4* R% + M 2 (1) 

R,ii- lt,U- uCf ( 2 ) 

Suppose that a variabh; state balance has been obtuiiu'd with 
the secondaries disconiu'cted and the galvanometr'r joint'd 
directly to tlie jwints A and B, This bahince may lx* facilitah'd 
by the introduction of a variable inductanc(^ in serit's with t'itht'r 
Ri or lU as the case may require. Undt'r tlu'se circumstanct'H 
cqs. (1) and (2) bec.ome the Bame tvs thoKC for the simple induc- 
tance bridge, namely 

Rii “b Li ^ " R.%ii 4" Lg 


and 


(3) 



( 6 ) 


ouusubutmg m eq. we nave 

T? n IT , j- R^ dii 

-Ll - 3 ,- = — rT ' ~r ^2 t5 3~s 
dt R^ Ri dt 

Imposing the steady state balance, we have 


and 


Ri _ Rs 

R 2 ” R 4 

JO2 Ri 


( 7 ) 


Introduce now the secondary coils as shown in the figure 
and obtain a balance by adjusting the variable standard. This 
balance indicates that the E.M.F.’s in the secondary coils are 
equal and opposite. Since.no current flows in the secondary 
coils, the currents for the primaries which are defined by eqs. (3) 

and (4) are unchanged. Accordingly, the values for 12 and 

given in eq. (5) may be substituted in eq. (1). Subtracting eq, 
(3) from eq. (1) then gives 


Ml ^ Rz 
M 2 Ri 


( 8 ) 


This bridge is distinguished from those previously studied in that 
three balances are necessary. This may seem at first sight to 
result in an unduly cumbersome method, but experience shows 
that in reality it is a relatively simple bridge to operate. 



Fig, 104. — Mutual inductance bridge. 
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primaries and socondarios for eacli pair. 

Report.— Explain why it is ponnissibk* to introduc’(‘ an exlra 
inductance in series with Ri and li^. (k)uld this ho iiUrodiUM'd 
in jRa or Ri‘i 

141. The Frequency Bridge."™-In all of tho bridge's thus far 
discussed, the balance, condition has, in no case, contained a tonu 

depending upt)n tiu' fn'- 
(piency. 'Pin' physical sig- 
nificance of this is thal (liese 
bridges balance indt'pendent 
of tho froqnency and lu'uce^ 
the form of thc‘ inipressed 
wave is of little coimt'ciuenct', 
A bridge will now lu' sludied 
which, for given valnes (jf A 
and Hj can balane('<l for 
only one definite frecpiency. 
The eormecUonH an* shown in 
Fig. 105, I’hree (»f the anus 
are non-reaetive, whilt* the 
fourth contains an inductance and a condenses in seru's. bet 

the instantaneous currents through tlie upper and lowc*r arms he 
ii and respectively. Tho balance eonditions are thc'u 




Rill 

/% 

' Rah 

tl) 

Rdi + A 

di, 1 
di 

1 t\dt »=* 

Rah 

(2) 

Eliminating A, we have 





Rii^ d" A 

dh , 1 j 
dt Cj 

f udt * 

RtRi . 

ft, *’ 

(.'{} 


Imposing the steady state balance conditicni, which may be 
obtained by short circuiting in case a battery and ordinary 
galvanometer arc used, 

dt *” ^ ^ 

Assuming that a pure sine wave of K.M.P. is applied U} the hridgf', 
the current through it will also be a sine wave of the mme fn'- 


ix 



( 5 ) 


Substituting these values in eq. (4), we have 

1 

L/co cos wt — -pr- 1 cos (d — 0 
Cw 

whence 

1 

“ = Vlc 

Since w = ^rn, where n is the frequency, 

When two of these quantities are known, the third may be 
computed. One of the most useful applications of this bridge is 
the measurement of frequency using a subdivided condenser and 
a continuously variable inductance. In case a complex wave is 
applied to the bridge, complete silence in the phones can not be 
obtained for any value of the LC product. It will be observed 
however, that the relative intensities of the fundamental and 
overtones will be changed as L is varied and that for a certain 
setting, the fundamental will disappear while the overtones 
remain. 

In Art. 110, it was pointed that a circuit connected for parallel 
resonance, possesses a very large impedance for the particular 
frequency to which it resonances. If now such a circuit is placed 
in series with the source, and adjusted to resonate to the fre- 
quency of the fundamental as above determined, this frequency 
may be suppressed and that of the strongest overtone measured. 
Introducing now another resonance circuit in series with the 
source to suppress this overtone, the next stronger one may be 
measured and so on. In this way a qualitative analysis of the 
wave form of the source may be made. 

142. Experiment 27. Bridge Method for Measuring Frequency. 
Connect the apparatus as shown in Fig. 105, using for C a 
subdivided mica condenser, and for L, a variable standard of 
inductance. Determine the frequency of several sources of 
alternating current, using the phones as a detector. Determine 
first the fundamental and then place a filter circuit in series with 


Report— Computo a ('oiistaiit. for llu' right-haml Hitlo of im). ((>) 
wliicli, when dividod by VL(' will giv(' llu' fnapuniov wlu'ii L 
is expressed in millihenrioH and C in microfarads. ('ompul(' tlie 
inductance, which, when used willi a capacitanci' of I microfarad 
will balance the bridge for a friHpu'ncy of (U) cych'S. 

143. Circuits of Variable Impedance. - In tlm bridg<‘s Htudied 
tlms far for the measurement of self and mutual induct anc<', the 
assumption has tacitly betm made that the only M.M.F.'s imlueed 
in the coils are those due to th(‘ primary curnmt. I''or exatuple, 

in the case of nmt\ial iiuUu’tance, a 
^ varying current in the primary })ro~ 
(hic(‘s an K.M.l''. in tlu* s^'coudary 
pro)Hn’tional to tlu* rat<‘ of change 
of the, primary current hence in 
(puulraiure with the primary eur™ 
rent for the case (d a siiu' wave. 
For self inductance, the ecul is its 
own secondary, and tlu' same con- 
siderations hold as for two coils. 
The direction of the induced M.M.K, 
is counter to the driving 
while the current is rising, and in 
“ the saiun direction when it is fall- 
ing, The power associated vvitli the 
induced E.M.F. at any instatit is equal to the product of this 
E.M.F. and the current. Enc'rgy accordingly is alternattdy st ored 
in the oloctromagnotic field of the coil and returned to the* circuit. 
The theory shows, in fact, that this occurs at a freciuency twice 
that of the driving E.M.F. 

When' the circuit is of such a nature that energy is consumed 
by the coil or parts connected with it in some other manner than 
by heat developed within the primary coil, the quadratuM^ rela- 
tionship is destroyed and the impedance of the coil is no longer 
constant. Among the more important causes of such extraiu'ous 
energy consumption are hysteresis, eddy currents, and motion of 
parts. The telephone receiver is an illustration of such a circuit. 
For simplicity, consider a coil of wire C wound upon a bar magnet 
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quency as the source. In addition to the Joule heat, represented 
by I’^R, developed in the coil, energy consumptions result from 
the three causes enumerated above in the following manner, 

1. Hysteresis . — The E.M.F. induced in the coil is proportional 
to the rate of change of the magnetic flux through it. This flux 
is produced by the magnetomotive force of the coil, the latter 
being in phase with the current and proportional to it. Because 
of the hysteretic lag of flux behind the magnetomotive force, the 
E.M.F. is no longer in quadrature with the current but has a 
component counter to the current which results in a continuous 
energy consumption. The greater the area of the hysteresis 
loop, the greater the lag of flux behind the current and hence the 
larger the energy component of the induced E.M.F. The 
hysteresis loss is proportional to the frequency. 

2. Eddy Currents . — The magnet M may be regarded as a 
secondary coil consisting of a single turn about its own axis 
having a relatively large cross section and a low resistance. 
The changing flux through this turn induces in it an E.M.F. in 
quadrature with the flux and the resulting current is known as a 
Foucault or eddy current. Because of the small self inductance 
of this single turn, the eddy current is practically in phase with 
the induced E.M.F. producing it. The eddy current may in 
turn be considered as a primary which induces in the coil a 
quadrature E.M.F. Except for the hysteresis lag, this final 
E.M.F. in C is counter to the current because of the double 
quadrature relationship, and hence introduces a large energy 
consumption. Viewed from the standpoint of Joule heat 
developed in the core by the eddy current, this loss is 
proportional to the square of the frequency, for the induced 
E.M.F. producing the eddy current is proportional to the fre- 
quency and the heating effect of a current is equal to the square 
of the E.M.F. divided by the resistance. 

3. Motion of the Diaphragm . — The effect of motion of the 
diaphragm may be understood by the following considerations. 
Suppose a sound wave strikes the diaphragm. The varying air 
pressures cause it to vibrate and in so doing, the air gap between 
it and the magnet is changed and hence the reluctance of the 


onergy dolivorod. As rognrds IIk^ ningiiiludc' of ilu^ 10.M.1'\ 
induced in the coil and th(i phas(i ndation Ixdwc'en it. and the 
motion of the diaphragm, it uiak(\s no dirh'remx' wlu'tln'r (lu^ 
motion is produced by a sound \vav('. or by a currimt. th)‘o\igh (', 
In tlie latter case, tlie (nuu-gy of the wav('- must, be .sui)pli(‘tl by 
the current, and the law of c.onservation of (MU'rgy re(pur('s (hat. 
the induced K.M.F. due to tlu^ luotiou of tlu' diai)hragin must 
have a component counter to the current l.o account for this 
consumi)tion. 

If an alternating current of int.(‘nsity I is passc'd t hrough t lu' 
coil, and the power delivered to tlu' coil is nu'asurcHl by appropri- 
ate means, it is found that this is much larg(‘r than would bt' 
computed from PR when R, is (hdermimul by using din'cl cur- 
rent, On the other hand we may didiiie a n'Histamu'. such that. 

■Watt,s -= PR,, 

Ro is called the “effective” rc'sistance of tlio coil. It. is (he rr‘sis- 
tanee of a fictitious coil, free fron\ hysteix'sis, eddy-curn'nt and 
motional reactions, which consunx's th{‘ sanu' powm- with a givem 
current. Again the effective resistances may ix^ writtmi 

R„ = R + Ri, + Rh' 1’ 

where the last three terms represent, the parts contributed by 
hysteresis, eddy ciurrents and diapliragm motion n'spt'cl ivtdy, 
and, it is customary to S!)eak of tlni resistunce due to hysteresis, 
eddy currents, etc. In a similar manner, (he M.M.h.’s induced 
in the coil by hysteresis, (uldy curreuts and motion will have 
components in cpmdrature with tlu; eurnmt, ami will eluuig(' t lu' 
apparent inductance of the coil, and it. is customary, in an 
analogous manner, to speak of the inductaiux'. diu^ to hyH(er(‘HiH, 
eddy currents, etc. 

Kennclly and Pierced have made a detailed study of (he 
motional characteristics of U'kiphone rcuteivers and have shown 
how their performance in practice may be jiredetermined from 
simple mea8urement.s. The receivc'r to he H(.mli(Hl was phux'd 
in one of the arms of an inductance' bridge and i(H elTeclive resis- 
tance and inductance measured for a wide* range of'frc'ciiH'neies, 
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inductance” respectively. The latter when multiplied by the 
frequency for which they were determined, gave the “motional 
reactance ” for that frequency. Interesting results were obtained 
for frequencies near that corresponding to the natural period of 
the diaphragm. For example, the curve showing the motional 
resistance as a function of the frequency closely resembles, near 
the resonance frequency, the curve in optics, showing the varia- 
tion of the index of refraction with frequency in the neighborhood 
of an absorption band, while that for motional reactance exhibits 
a sharp minimum at this point. 

144. Experiment 28. Motional Impedance of a Telephone 
Receiver . — Connect the apparatus as shown in Fig. 64 substi- 
tuting for La; the receiver to bo studied. Use an equal arm 
bridge making Ri an R^ approximately equal to the direct current 
resistance of the receiver. Energize the bridge with a Vrceland 
oscillator which has previously been calibrated for frequency, 
and use a pair of head phones as a detector. Place an elec- 
trostatic voltmeter across the output coil of the oscillator and 
maintain a constant voltage on the bridge throughout the 
experiment. Determine roughly the natural period of the dia- 
phragm of the receiver by varying the frequency of the oscillator 
keeping the voltage approximately constant by noting at what 
frequency the response is loudest. Introduce a small wedge be- 
tween the diaphragm and the cap to prevent motion and measure 
the resistance and inductance for a range of frequencies above 
and below the resonance frequency. Hemove the wedge and 
repeat with the diaphragm moving. 

Report. — Plot curves showing the variation of resistance and 
reactance with frequency for both blocked and moving dia- 
phragm. Subtract the former from the latter and thus obtain 
the “motional” resistance and reactance and plot each as a 
function of frequency. 

146. Power Factor and Capacity of Condensers.^" — In a perfect 
condenser, that is, one without absorption or leakage, the phase 
of the current is 90° ahead of the E.M.F. impressed across its 
terminals. Although many condensers approximate the ideal, it 
is only with well insulated air condensers that this condition may 


an apprt'cuibU' n»inp«nu'nf ot thf sntrrrtu m puaw' with the 
lO.M.K. In Huch a coinli'ni^t'r tiicrt' in n nuaistimhlt* amonnt of 
t'norgy abHorplinu wliii'li upjH'arH an lirnl in the tlii'lcotric, and as 
far aH pliaw* rclatiims arc ('(ttu’ftnt'd, it may be n*gardo(l as a 
ct>mU'nH<‘r with a ntnall liatirauiH roHiHlanrc in HtTU'H with 
it. In Kig. l()7n, lt‘t f ' roprawaif iIh- t'{|uivnltmf iM'rfnt't t'uiuh'nw'r, 
and p tlin fictitinUH wHoh n'Hijitnncn. 'I'lu* vert or diagram 1075 
ropv(*H(‘uiH tlu‘ pluw* rclutiona for MUi’h a cirtniit. OF. ia the 
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iinproHHf'd K.M.K. and f)/ thn rnrrmit whirh fidla ahnrl of tlio 
90® load by tho nnglo & wdurh if< doHigiiatrd a« I bo phaw' diffor- 
cnoo of tho i'ondonw'r. ^ in tin* plow artglo a^ ortlinadly dofmed 
and tbo powtT faotor in than 

IM**. iHw II. 

It in obvioim from tho figuro that 

tan & (I) 

A ftimplc bridge* mothtMl baa lanm tb'vtw'd l>y Woin l)y which 
Imtb tho capacitajM‘0 ami tho |H>wor fitofor t»f an im{H*rfocl con- 
dooHor may bo HiinultamHiiinly tm’iwur«ni providral tboro in avail- 
ablo for ooniparban piirtKwoa anotbor ooiuion«*r wddob »hc»WH no 
absorption. Such a bridge is ilhwtralod in Fig. HW, wboro Tj is 
tho porfoct condonsor and (’3 tho tmo with botioifiUH n^aiatanoo p 
to bo studiod. In w^riow with tbiw ocirub‘nw’ra art* plaml tho 





itiai&ttiuuu wuiic me umer uoes iiub, irjie potential aiiierences 
from D to B and E to B can not be equal and in phase at the same 
time. Accordingly a perfect balance of the bridge can not be 
obtained. If, however, a suitable resistance ri is introduced in 
series with Ci of such a value that the time constant of the arm 
DB equals that of EB, this difficulty is obviated. In practice 
it is generally more convenient to introduce also and take 
account of it in deducing the balance conditions. 



Fitt. 108. — Bridge for measuring phase difference of a condenser. 


The equations for balance may be derived in the following 
manner, calling ii and the instantaneous currents in the upper 
and lower arms respectively. 

R]ii «= Riii ( 2 ) 

d j C f (3) 


Eliminating h we have 

+ Viii = Jiidt 4- (p + 
Imposing the condition for a steady balance, namely 

Ri ra + p 


(4) 

(5) 


Ca Ri 


there results 


( 6 ) 


MultiplyinR nuinorator and (hnioininator on tlu' lofl by w and 
clearing of fractiunH, tlanx', n'suKs 

(■iwri ™ C'awCra I p) (H) 

llofen'ing to Fig. 1076 and Holving ('tp (S) 

tan 0 ~ - f'lwri t'awra (9) 

146. Experiment 29. Mcntiutrinctil of Phnsr Diffcrcnvv nnd 
CayaciUmev. of a CondenHcr. (’onnerl the nppanitu.M an shown in 
Fig. 108. ('i is a standard ndca (’omlenMor w1ic»m«' jduiw' difFtn’- 
once is regarded as negligible, and f’u is a ttd(*phone eondc'imt'r 
with paraffine ]uiper dielectric wlnwe pliase diffi'reuee and capaci- 
tance are to b(i d('t('rnun(‘d as a function of the fnapieney. The 
resistances vi and r-j ar(‘ small in vahie and should lx* joined )»y a 
slide wire for fine adjust numt. As a Ho\irct‘ of janvt'r \ist' an 
oscillator giving a pure wav(^ form whos(' fnnpiem'.v may l»e 
varied over a considerable range*, such as tin* \’re{*land, with 
phones as detector. In obtaining a balunc{', set r-j ^ 0 ami g('t 
as good silence as possible. Intn)duce Huch a vabu* of rt as makes 
the beat improvement, then ehangt* Hy or lU ami agaiji atljust rj 
and so on until comph'te sih'uce is rc'ached. Kjm*p rg ns small as 
possible. Make a sc'ries of balances using as wide a range of 
frequencies as may be obtained from tlie (mcillat t)r. 

Report. — Plot capacity and jihast* ditTert'uee of tin* unknown 
condenser as a function of tlu* fre(iuency. Show (hat in a 
perfect condenaer the currt*nt l(‘ads the F.M.h', by 90®. I)e*rmc* 
Power Factor. 

147. Resistance of Electrolytes. - The meastirenu'Jit of tht* 

resistance of an electrolyte otTers special difficult i(*s ntd encoun- 
tered in determining the resistance of metallic conductors. 
This is due to the fact tluit current is carri(*d through a solution 
by virtue of the migration of ions, a doidile* prtjeeHsion in opiHwite 
directions. These are deposited on the (‘h'ctrotles, where Ht*e“ 
ondary chemical reactions often (ak(‘ plae(‘. In gc*ru*rHl, (he 
deposits on the electrodes set up counter lO.M.F.'s in the eell 
which affect the measurements in the samt* marmi*r as added 
resistance. Ohvimislv flmn an nlofifvnn.+n. ........ ...... i... 


one of the electrodes a further complication is introduced since 
the cell behaves as though it contains capacitance. This 
results from the fact that a gas layer separates the liquid from the 
electrode thus forming a condenser. Since the gas layer is, in 
general, very thin, a capacitance of considerable magnitude may 



Fro. lOf). — Bridge for electrolytic resistance. 


result. The cell then behaves like a condenser and resistance 
in parallel, and it must be so regarded when connected in one 
of the arms of a bridge. The resistance in the adjacent bridge 
arm must also be shunted by a condenser else a balance can not 
be obtained. Such a bridge is shown in Fig. 109, where Ri and 
Ci represent the resistance and capacitance of the electrolytic cell, 
and Rz and Ci its counterpart in the adjacent arm. Designating 
the currents as indicated in the figure, we have 


-|- ifl (1) 

fa = 14 + fc (2) 

R\i\ = R%i<i (3) 

R^i^ — RaIa (4) 

Iq- firidt = Rais (5) 


^ I udt = Riii 


( 6 ) 




so much of the electrolyte as to cause errors in measurement when 
used later with solutions of a different nature or concentration. 

Figure 110 shows a cell designed by Dr. Washburn and manu- 
factured by the Leeds and Northrup Co. The electrodes are of 
platinum and are mounted by seahng their supporting wires into 
tubular glass stems. These wires project through the seals and 
connections with them are made by filling the stems with mercurj'^. 
Side tubes, above and below the electrodes respectively, are 
attached for filling and washing out the cell. These tubes are 
bent so as to form supports for holding the cell in a suitable bath 
for maintaining a constant temperature. 

148. Experiment 30. Resistance of Electrolytes . — Connect 
the apparatus as shown in Fig. 109, placing the solution in a cell 
specially designed for the purpose. Energize the bridge with the 
Vreeland oscillator and detect the balance with a telephone 
receiver. Determine the resistance of a series of solutions fur- 
nished by the instructor. Measure the dimensions of the cell and 
the distance between electrodes and compute the specific resistance 
of each solution. 

Report. — Explain why a bridge can not be balanced using direct 
currents when it contains an electrolytic ceil. What is the 
essential difference between metallic and electrolytic conduction? 



CHAPTKH. Xin 


CONDUCTION OF ELECTRICITY THROUGH GASES^ 

149. Electrons.— Whon a hish IxMiHion (liH(!harK(^ passc'H Ix^twoon 
Hi'alcd into a partially (‘vaciuil.cxl vohhoI, the gas 
becoinen liiminouH showing a hoi’H'h of highly colored glows 
which are often very beautifnl. If tlu^ pn^ssun'. is sufliciently 
reduced, a wu'ioH of streaniH iiijneam, proceeding in straight lines 
from the (uithode. Thew^ stn'amH art! known as “(!athode rays,” 
and are found to be independimt of lh(‘ })OHition of tlu! anode, and 
often i)ent!trate regions oecuj)ied by otluu* glows in the tube. 

Tht! n'searches of modern ])hyHicH hav(! shown that. th(!se rays 
are Htr{!ams of disert'et i)articl('H of lu'gativt! eU!cl,ricity, called 
“electrons.” Their properties do not deptmd upon the material 
of the, electrodes nor the nature or lU't'Ht'Uce of the gas through 
whitth the discharge takes ))lace. 'They may bt' j)roduc.(‘d from all 
chemical suhstanct's, and etmscaiuently must play an important 
part in the structure of matter. Thc! v(!lo<‘ities with which they 
move through tlu! tube! vary from one-thirti('lh to one“third that 
of light. The ratio of th(' charge' of an eh'ctron lo its mass is con- 
stant and is etjual to 1.77 X 10^ t'leetromagm'iic units jH'r gram. 
The charge of an electron is 1.5 X U) el(!ctromagnet,ic units and 

the mass is about tliat of the hydrogen atom. The radius 

of an electron is estimaled, at 1.9 X 10 cms., which is about 
\ 

50 000 atom. For many yt!arH tlu' mtiss has been 

regarded as purely eleeitromagnc'tif! in eharaeter; that is, while 
exhibiting inertia, it shows no gravitational attraction in the sense 
)K)HseHS('d by ordinary matter. Recently, lujwever, certain 
experimental and theoretical (‘videnc(* has been produced which 
makes it appear likely tliat this cannot he entirely the case. 

‘ CaowTiUfifi, lon«, KloetronB and loniging Hadialhtns. 

McPniiNo, Ganduatitni of Elontripity through (hwa and Radioactivity. 
MiLLiKiN, The Kk'ctron. 
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none smaller have ever been found. In fact, when quantities 
comparable to the electron have been isolated, they have always 
proved to be exact integral multiples of it. The evidence points 
to the conclusion that electricity is atomic in structure and that 
the smallest possible element is the electron, which thus con- 
stitutes our natural unit of electricity. Electric currents through 
conductors, as we know them in every day practice, are simply 
streams of electrons through or between the atoms and molecules 
making up the conducting body. 

160. Conductivity of Gases. — gas in its normal state is one 
of the best insulators known. This may be shown by mounting 
a gold leaf electroscope inside an inclosed space, and allowing 
only a small rod carrying a polished knob, for the purpose of 
charging, to project out. If the support carrying the electro- 
scope is well insulated from the container, the electroscope will 
remain charged for a long time, showing that the air or what- 
ever gas surrounds the electroscope is a poor conductor of 
electricity. 

If, however. X-rays are allowed to shine through the enclosure, 
or if a small quantity of some radio-active substance such as 
thorium or radium is placed inside it, or again if the products of 
combustion of a flame are drawn through it, it is then found that 
the gold leaves collapse quite rapidly, indicating that the gas has 
lost its insulating properties. That the leakage has taken place 
through the air and not across the insulating support may be 
shown by using a second chamber connected with the electrom- 
eter enclosure by a glass tube, and introducing the X-rays, the 
radio active substance or other agent into this, and then drawing 
the air thus acted upon into the first chamber. The same effects 
are observed. However, if glass wool is introduced in the con- 
necting tube, or if the air is passed between two insulated plates 
connected to a battery before entering the electrometer chamber, 
it is found that its insulating properties are restored. Experi- 
ments of this sort as well as many others of an entirely different 
nature have shown that the conduction of electricity through 
gases is due to carriers of electricity, and that the carriers are of 
two distinct types, positive and negative; the former are similar 

PQvriArs nf thrnTiO’h srvIni-inTiH nnH nrri nollAril 
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knowledge is far from complete, it is well established that the 
atom consists of a nucleus of positive electricity, about which 
revolve in closed orbits, electrons, in much the same way that 
the planets revolve about the sun, and that the relative dimen- 
sions of electrons, nucleus and orbits are about the same as in 
the solar system. The number of electrons present in a given 
atom has been estimated in various ways, and while the results 
are not entirely in agreement, it is probable that it is the same 
as the atomic number, that is, its number in the list of elements 
arranged in order of ascending atomic weights. The atornic 
number, except for the case of hydrogen, is approximately half 
its atomic weight. Since the atom as a whole is neutral, it is 
necessary that the positive nucleus should have a charge equal 
to ne, where e is the charge of the electron and n the number of 
electrons. The shape of the orbits, the law of force between 
nucleus and electron, and even the conditions of stability are 
problems which have not yet been solved, but are now being 
attacked from many angles. 

When external agencies such as X-rays, ultra violet light, radia- 
tions from radio active materials, etc., act upon a gas, it is found 
that the atomic structure is broken up. One or more electrons 
may be torn away from the system leaving it with an excess of 
positive electricity. We thus have present in the gas positive 
ions and negative electrons. The gas is then said to be ionized, 
and the means by which this condition is brought about is 
called the “ionizing agent.”. If two electrodes are introduced, 
and a difference of potential is maintained between them, the 
electrons move to the positive electrode, and, entering it, pass on 
through the external metallic circuit. The positive ions, on the 
other hand, move to the negative electrode and receive electrons 
from it, thus becoming again neutral molecules. Unless an 
ionizing agent acts continuously, the current through the circuit 
will persist only until the ions and electrons have been removed 
from the gas. 

162 . The Ionization Current. — Suppose now that an ionizing 
agent is acting continuously upon a gas in an ionization chamber, 
' as an arrangement such as that just described is called. At first 


and recombine. When the rate of recombination is equal to 
that of ionization, a steady state is reached where only a definite 
fraction, usually a very small number, of the total number of 
molecules are in the ionized state. If the difference of potential 
between the plates is varied, and the current between them is 
measured and plotted as a function of voltage, it is found that 
the current increases with the voltage almost linearly at first, in 
accordance with Ohm's law; but for higher voltages, the curve 
is concave downward and when a certain voltage has been 
reached, no further increase in current can be obtained, unless 
the voltage is raised to very large values. The constancy of the 
current is due to the fact that all of the ions and electrons pro- 
duced are swept out by the field. This current is spoken of as 
the "saturation current," from the similarity between the shape 
of this curve and the magnetization curve for iron. The voltage 
at which the horizontal part of the curve begins is called the 
‘ ‘ saturation voltage . ’ ’ 

If the distance between the electrodes is increased, it might, by 
analogy with metallic conductors, be thought that the saturation 
current would be reduced because of the increased path the ions 
and electrons must travel. It is found, however, that the cur- 
rent is actually increased. This is because there is a larger 
number of gas molecules subjected to the action of the ionizing 
agent, and hence more carriers are produced. Again, it is found 
that if the pressure of the gas is increased, the ionization current 
is increased. Both of these facts show that the saturation cur- 
rent through a gas is proportional to the mass of the gas between 
the electrodes. 

163. Ionization by Collision. — If the voltage between the 
plates of the ionization chamber is increased to sufficiently large 
values, the saturation current does not remain constant indefi- 
nitely, for fields may be reached at which the current agair 
begins to rise, slowly at first and then very rapidly, finally result- 
ing in a disruptive spark accompanied by the passage of a curreni 
of considerable magnitude. The field required for this increasec 
current depends upon the distance between electrodes, their siz( 
and shape, and the nature and pressure of the gas. For air a 
atmospheric pressure and spherical electrodes of moderate dimen 



meters of mercury. 

This increase in current is due to the fact that ions are produced 
by collisions taking place between neutral molecules and ions as 
well as electrons already existing in the gas. The mechanism 
of this process is somewhat obscure, but it is clear that a definite 
amount of energy is required to disrupt a neutral atom. The 
kinetic energy of motion of the ions and electrons depends upon 
how far they have moved under the accelerating field before 
being stopped in the same way that the energy of motion of a 
freely falling body depends upon the distance through which it 
has fallen before being arrested. Thus, as the pressure of the 
gas is reduced, the average length of free travel is greater and the 
acquired energy available for ionizing purposes is increased. 
The conductivity of a gas therefore increases as the pressure is 
reduced. Since, however, the conductivity depends upon 
carriers which come originally from neutral molecules, the con- 
ductivity can not increase indefinitely with decrease of pressure, 
for the effect of the decreased available supply will eventually be 
felt. An optimum pressure therefore exists at which the 
increased range for acceleration is just balanced by the decreased 
supply of molecules. For air, this pressure is of the order of a 
few tenths of a millimeter of mercury. A further decrease in the 
pressure results in a rapid increase in the resistance of the gas. 
If a perfect vacuum could be obtained, the free space between 
electrodes would be a perfect insulator. While this is, of course, 
impossible, it is, nevertheless, easy with modern methods of 
evacuation to obtain pressures so low that no appreciable dis- 
charge can be detected with the highest fields available in the 
laboratory. 

164. Experiment 31. Resistance of a Discharge Tube . — The 
apparatus consists essentially of a discharge tube, as shown in 
Fig. Ill, about fifteen inches in length through the ends of 
which are sealed wires attached to electrodes of relatively large 
area. It is connected to a high vacuum pump by means of which 
the pressure may be reduced to any desired value. A manometer 
and McLeod gauge are also joined to the tube to measure the 
pressure. 

Connect a small high tension transformer across the tube to 



It. me impressea voltage may oe controiiea oy a series resis- 
tance in the primary circuit. Starting at one atmosphere, reduce 
the pressure until a current of 10 or 15 milliamperes is obtained 
through the tube. Measure the required voltage. Take a 
series of readings at various pressures measuring the voltage 


To Pump and Gauge 



required to maintain a definite predetermined current. Com- 
pute the resistance of the tube by Ohm's law. Repeat the experi- 
ment using twice this current. 

Report. — Plot a curve showing the resistance of the tube as 
a function of pressure. Why must the current be held constant ir 
this experiment? Explain the operation of the McLeod gauge 




iH nnprc'.KHcxi ootweeii tnein, tne pncmoinonon nrst oosorvca la tnc 
ordinary apark aiinilar to that between the elecitrodea of a static 
machine. If, however, air is gradually remov(id, the sparks 
become loss violent, and fine streamers of bluish color arc 
observed. As tlie pressure is further reduced, those streamers 
broaden out and fill the cm tire tul)e, and a pink color appears 
at the anod(’i. With further (exhaustion, tine pink color extends 
some distance from the anode and dark spa(‘.(es appear in the 
region of the cathodet When the pressure has been reduced to 
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Fici. 112.-~ lAiminouH rojuioiiH of cliHc.lmrgo tiibo. 


about half a millimeter of mercury, the dischargee assumes a very 
characteristic appearance. Cdoscely surrounding, Imt not quite 
touching the catliode, is a thin layer of luinindsity known as the 
cathode glow. Next to this is a region, from which no light is 
obscerved, cealhed the Crookc^H dark space, and beyond this is a 
rather broad region of luminosity known as tln^e negative glow, 
h\)llowing this is another non-luminous region, called the Faraday 
dark space. Ihetwcecen this dark Hjiace and the positive electrode 
is a region called the positive column, which may be seen as a 
continuous band of light or, imdcer certain conditions of current 
and voltage, as a series of light and dark striae. The positive 
column seems to be definitely associated with the anode, for if 
the tube is increased in length or bent into a curve, the positive 
column increases or bends with it, while the other parts of the 
discharge remain fixed and are thus shown to be associated with 
the cathode. These luminous regions are indicated in Fig. 112. 

If the pressure is still further reduced, the striae of the positive 
column become fewer in number and wider in extent and finally 


The regions associated with the cathode also become 
vith the disappearance of the positive column, the 
fiU nearlv the entire tube. With sufELcient ex- 



iiantiy wim colors aepenaing upon its cnemicai composition, 
being bluish for soda, and bright green for German glass. If 
the exhaustion is carried far enough, the tube becomes a non- 
conductor of electricity. 

166. Theory of the Discharge.’ — Since no external ionizing 
agent is acting, it is obvious that the discharge is maintained 
by ions produced by collision, and the varied distributions of the 
luminous regions indicate that the electric fields and the velocities 
of the carriers can not be uniform throughout the tube. It has 
not yet been definitely determined whether luminescence arises 
from ionization of neutral molecules or whether it accompanies 
the recombination of an ion and an electron to form a neutral 
molecule. At the present time, the evidence seems to favor the 
latter hypothesis. Another widely accepted view is that when a 
molecule has been shaken up by collision with an ion or electron 
to such an extent that its electronic orbits are badly distorted, 
but not disrupted, light emission accompanies its return to the 
equilibrium state. On the latter theory, luminous regions do not 
necessarily coincide with regions of ionization. Some of the more 
important phenomena characterizing the several regions enu- 
merated above are the following. 

1. Cathode Glow . — The field strength in this region is large and 
often the greater part of the entire potential difference occurs in 
this limited space. The magnitude of the fall in potential depends 
upon the nature of the gas and the material of the electrode, 
ranging from 470 volts for water vapor to 170 volts for argon with 
platinum electrodes. If metals such as magnesium, sodium, or 
potassium are used, much smaller values are obtained because 
of the greater ease with which these substances emit electrons. 
The large potential gradient here is caused by the accumulation 
of positive ions in front of the cathode. Because of the greater 
mobility of electrons, they rapidly move away from this region 
thus leaving a preponderance of positive ions. The ionization 
is caused by collision of the positive ions eitherwvith gas molecules 
or the cathode itself. 

2. Crookes Dark Space . — It was pointed out above that a 
certain amount of energy is required to produce ionization. The 
electrons from the cathode glow must move through a certain 



electrons. 

3. Negative Glow . — The luminosity of this region is due to 
ionization by electrons from the Crookes dark space. The positive 
ions produced here move slowly out of the negative glow into the 
Crookes dark space and their presence reduces the potential 
gradient to such an extent that electrons, originating in the nega- 
tive glow, do not gain sufficient speed to produce ionization; and 
hence, after those entering from the Crookes dark space have been 
stopped by the ionization process, no further ionization occurs. 

4. Faraday Dark Space . — The current in this region is due 
largely to electrons which enter it from the negative glow. 
Because of the accumulation of electrons in the negative glow, the 
potential gradient through the Faraday dark space and even up to 
the anode is quite large. The electrons are accordingly accel- 
erated through this dark space and when they have attained 
velocities sufficient for ionization, the positive column commences. 

5. Positive Column . — The potential gradient is practically 
constant throughout this region and ionization by collision may 
take place all the way, resulting in a uniform column of light. 
Ordinarily, however, there are local accumulations of positive 
ions, which result in a decrease in the potential gradient with a 
consequent reduction in the acceleration of the electrons. There 
are then regions in which the velocities are too small to produce 
ionization and the striae commonly observed, result. Under 
these circumstances, the positive column is, to a certain extent, 
a repetition of the phenomena of the Crookes dark space, and the 
negative glow. 

167. Investigation of the Field Strength at Various Points 
in the Discharge.^ — The potential at any point in a tube may be 
determined by inserting an auxilliary electrode. A small plati- 
num wire is most frequently used for this purpose. If the region 
happens to be one of high potential, the wire will attract to it 
positive ions until its potential is the same as that of its surround- 

* Graham, Wied. Ann., vol. 64, 1898, p. 49. 


only when there is a plentiful supply of ions of both signs. For 
example, suppose the wire is introduced near the anode, where 
only electrons are present. The forces of the field will cause 
electrons to strike the wire until it is so highly charged negatively 
that no more can reach it because of repulsion, and the wire thus 
has a negative potential considerably in excess of the region in 
which it is placed. If positive ions also were present, they would 
be drawn to the wire until its potential is the same as the 
surrounding region. 

If two test electrodes are used, the field strength at various 
points through the discharge may be determined by measuring 
the potential difference between them and dividing by their 
distance apart. Except for regions close to the electrodes, where 
only one type of ion is present, this method gives reliable results. 
Because of the mechanicar difficulty of moving a pair of test wires 
through a tube with fixed electrodes, it is more convenient to use 
a tube with fixed test wires tt and moveable electrodes as shown in 
Fig. 113. The anode A and cathode C are held at a fixed distance 
apart by means of a glass rod d with flexible leads connecting to 
the seals through the tube. A small lug of iron I is acted upon by 
a magnet so that the electrodes may be moved along the tube, 
placing the test wires at any desired part of the discharge. 

168. Experiment 32. Measurement of Field Strength in the 
Discharge through Air . — Connect the apparatus as shown in Fig. 


To Electromeler 



Fio. 113. — Tube for measuring potential gradients. 

113, using as a source of power either a battery of flash light cells 
or a motor generator set giving an E.M.F. of about 1,000 volts. 
Include a graphite resistance in series with the tube to prevent 
arcing when the conductivity is high. Measure the difference 




magnetic neia, is acted upon Dy a lorce at rignt angles Dotn to its 
motion and the direction of the field may be used to determine 
the ratio of the charge to the mass of an electron and the velocity 
with which it moves. Apparatus arranged for this purpose is 
shown in Fig. 114, A vacuum chamber C is constructed from a 
brass tube from which there projects a smaller tube A also of 



brass. The end of A is tapered and fitted to one end of a ground 
glass joint. The other end of the glass tube is closed and carries 
the cathode K. A piece of plate glass P, on the inner side of 
which has been placed a thin coating of fluorescent material 
such as calcium tungstate closes the vacuum chamber. The end 
of the smaller tube A contains a brass plug through which has 
been bored, with a jeweler^s drill, a very fine hole. 

When a suitable vacuum has been obtained, a discharge pro- 
duced between A and AT by a static machine M causes a stream 
of electrons to pass from K to A, the individual electrons of which 
move in straight lines normal to K. All but those lying in a 

1 Townsend, Electricity in Gases, p. 453. 

Crowther, Ions, Electrons and Ionizing RMiations, p. 92. 

Duff, A Text Book of Physics, p. 492. 
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but th()H(i passing tlirough, (uitor the chanil)er C and produce on. 
P a bright fluoreHcont, spot. If now tl\e solc'iioid is ('.uergized, 
the magnetic field c,aus(‘s a dctlec.tion of the beam and the spot 
is moved a dist.ancc^ d p('rpendicular to the plane of the paper, 
(shown in the plane of the i)aper in Fig. 114). 

If the magru'tic; lic'ld is uniform, the path of an electron is 
circular, since tlie force, in this case, is constant in magnitude, 
and is always at right angh's l.o the motion, ''llu', magnitude of 
the force may be ohtaiiu'd as follows: Let I be the length of path 
of an elect ron through the magnetic field. Whei\ it has travorBod 
the distance I, a quantity of electricity e has been transported 
through this distaiu'.e and may be rephuuni by a stcauly currc'.nt of 

stnmgth i defined by f = wlu'rt' I is ( Ik* time recpiired for the 

(dectron to travel the distances 1. Tlu^ tluany of (‘h'ctrodynainica 
gives, for the forc(‘ acting on a conductor of hujgth I, carrying a 
current i, the expression 

//’ « mi « Hd - Uev 

where v is the velocity with which the electron moves. 

Since the electron moves in a circle, whose radius we will call 
H, th('. force, given by eq. (1) must balance the centrifugal force. 
Accordingly, we havc^ 

Hco » (2) 

wluu'c m is the moss of the (dectron. '“rhe vtdocity v is acquired 
while the ekujtrori movcw through tlu» diff(*renc(^ of potential JS 
maintained between tlie anode and cathode by the static machine. 
Since there is no potential difference b(d.w('.en A and I* it travels 
this distance with constant velocity. The kincvtic, energy 
acquired in moving from K to A is equal to the loss of potential 
energy over this distance. From tlu» law of conHcrvation of 
energy and the definition of potential differtmee, we have 

Ke » Ljwc® (3) 

Fdiminating successively v and ^ from eqs. (2) and (3) there 


where N is the number of turns on the solenoid and L its length. 
The accelerating potential E is measured by an electrostatic 
voltmeter. 

161. Experiment 33. Measurement of — and Velocity for 

771 / 

an Electron in a Cathode Ray. — Connect the apparatus as shown 
in Fig, 114. Start the static machine and pump the vacuum 
chamber until a green fluorescence is seen near the anode A. 
Should this color appear at K the leads to the static machine 
should be reversed. A bright spot will appear at P. Energize 
the solenoid and determine the current required for a suitable 
deflection d. In taking observations, reverse the solenoid eurrent 
and measure 2d., It will be found that by varying the vacuum, 
different voltages may be maintained across the discharge while 
the static machine is driven at a constant speed. With the 
two halves of the solenoid as close together as possible, take a 
series of observations using different accelerating voltages, and 

deflecting fields and determine — and v. The fact that the parts 

7^}^l/ 

of the solenoid must be separated to permit the entrance of the 
discharge tube introduces a non-uniformity in the field. To 
determine this error, take a series of observations, keeping the 
accelerating potential and the solenoid current constant and 
increase the separation of the solenoid parts from the smallest 

amount up to 10 cms., and plot the apparent values of — and v 

as a function of the separation. The intercept of this curve, 
when extrapolated to zero separation gives the correction to be 

applied to the results obtained above. Since the value of -• 

is usually given in electromagnetic units per gram, it is necessary 
to express E and H in eq. (4) in that system. 

Report. — Plot the correction curve called for above and apply 
6 

to average values of ~ and v. Compute the velocity of an elec- 



tial UHiiig your value for. : !K)(3, 3, ()()(), :i(), ()()() voUh. (Compute 

the tiuu^ required for an edeet ron to inovt' from K to A for houio 
one of the coiiditiouH atd.ually UH(*d iu tluH expc'rinu'iit. If the 
charji:e on an (deetron in *1.77 X 10 elc'etrontatie units, compute 
th('. number of (dtudrons paHsiniz; p<‘r st'cond acrtiss a plane in a 
wire through which a (Uirrent of oju* am|K*re is flowing. 

162. Radio-active Substances.* If tiu‘ n'gion surrounding any 
radio~ac,tive substance such as uranium, radium, thorium, etc.., 
is examined by approjiriab' means, it. is found that, these sub- 
stances omit definite radiations which have v(‘ry unusual prop- 
erti(^s. These radiations, for examplt*, are able to darken a 
photographic. plat(', to convert an insulating gas into a conductor, 
and t(j cause a fluoix'sccmt screen to ('mit light. Mor(‘ov(U’, they 
are difTc'rent from ordinary light in that they ar(' able to ])ene- 
trato many substance's usually regardc'd as opacpic'. It has been 
found that each radio-active* substanct* is a definite^ chemical 
clement and that its activity is due to a s[)ontan(*oUK decom])osi- 
tion or disintegration of its atoms. Furthermore, when certain 
of the rays are emittcHl, there is a definite* ri'duction in the atomic 
weight of the Hubstanc.e, wliicli naturally leads to the* vicnv that 
the atoms of these substances are madc^ up of complt'X systems 
which have the same intrinsic charactc’r and differ from one 
another only in their order of arrangenu'nt or d(*gr('e of ccunplex- 
ity. Three distinct tyjs's of radiation have been found which 
are designated m a, and y I’ays. 

163. The Alpha Rays. “-“These rays are distinguished from the 
others by the fact that they are t'asily absorbed on passing 
through gases or thin sheeta of metal and that their action on a 
photographic plate is weak. On the other hand, they are very 
effective as a means for ionissing a gas, and they cause fluorescent 
substances to omit light. If a screen uj)on which tlu^y are 
acting is examined by a microseope, it is found that the illumina- 
tion is not uniform but is made up of a largo numl}er of separate 
flashes as though the screen wen? under bombardment. In 
fact it has been found that a rays are discrete particles shot out 

‘ Growtimh, Iona, Eleotronji and lanissing R«.diation«, oh*p. XL 
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as they make their way through a gas, abruptly deflected by 
some of the gas molecules, and stopped by others. 

If a beam of a particles is shot at right angles to an electric 
or a magnetic field, the path is curved in much the same manner 
as the cathode ray stream described above, except that the 
deflection is much smaller in magnitude due to their larger mass 
and is in the opposite direction, indicating that they are posi- 
tively charged. By making use of electric and magnetic deflec- 

tions, the value — of the ratio of the charge to their mass and the 

velocity with which they are emitted, have been measured. The 

results show that - is the same for all a particles, no matter 

what their source and is equal to 4,823 electromagnetic units per 
gram, and that the velocities range from 1.5 X 10® to 2.2 X 10® 
cms. per sec. 

The ratio of the charge to the mass for the hydrogen ion in 
electrolysis is twice that for the a particle, and at first sight 
it might be supposed that the latter is a hydrogen molecule 
consisting of two atoms. However, it has been found that the 
charge carried by the a particle is twice that of the hydrogen 
ion, and hence its mass must be four times that of the hydrogen 
atom. Since the particle is atomic in size and is of the same 
order of magnitude as the atom of helium whose atomic weight 
is 3.96, the most natural assumption is that it is an atom of helium 
with twice the electric charge of the hydrogen ion. This hypo- 
thesis is supported by the fact that both chemical and spectro- 
scopic analyses show conclusively that helium is always present 
where radio-active transformations are taking place. 

164. The Beta Rays. — The /? rays are distinguished from a rays 
in several important respects. In the first place, they have 
a far greater penetrating power. While the a rays are completely 
stopped by a sheet of aluminum foil mm. in thickness, ^ rays 
stiU produce noticeable effects after passing through sheets 
100 times this thickness. Again, they are much more easily 
deflected by a magnetic field. The deflection of the a rays is 
appreciable only in the largest fields available, and even then 
special methods have to be employed. The particles, on the 
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rays and y rays to X-rays is very close. When the target of an 
X-ray tube is struck by a rapidly moving electron, the electronic 
orbits of one of the atoms of the former undergoes some sort of 
rearrangement; that is, they change over from one stable config- 
uration to another possessing a different amount of potential 
energy, and a train of X-rays is emitted. The emission of the X-ray 
occurs as the result of suddenly stopping a high speed electron. 
Similarly, when a radio-active substance emits a /3 particle, send- 
ing it forth with a velocity comparable to that of light, a 
rearrangement of the electronic orbits also occurs, which is accom- 
panied by the emission of the 7 ray. The 7 rays thus accompany 
the rapid acceleration of electrons. The fact that 7 rays are 
always present when /3 rays are emitted supports this view. 
Measurements have shown that the wave length of the 7 rays 
is somewhat shorter than that of the most penetrating X-rays. 

166. . Radio-active Transformations. — Careful investigations 
of the phenomena accompanying the emission of the rays just 
described, show that radio-active substances are distinguished 
from ordinary ones in that they are constantly undergoing changes 
of character, never observed in ordinary materials. Each sub- 
stance is entirely distinct from the other, and has its own charac- 
teristic physical and chemical properties. However, instead of 
enduring indefinitely as is the case with ordinary elements, such 
as copper, iron, gold, etc., each radio active substance has a definite, 
measurable period of existence, after which it disintegrates and 
becomes a new chemical substance, and it is during these proc- 
esses of transformation, that the emission of rays occurs. 

All molecules are made up of atoms which consist of positive 
nuclei with electrons rotating about them in closed orbits. The 
electrons are held in their orbits by the electric attractions 
existing between them and the nucleus while the atoms are held 
together by the electric forces between their parts, or the magnetic 
forces due to the circulating electrons. This complicated struc- 
ture becomes unstable for some reason or another, and an a 
or a jS particle or both is emitted. After a rearrangement of the 
remaining particles, a new state of stable equilibrium ensues, 


wiK'U 11 oil aiioi iK'i’ a pariu-u', luiu iutuiuoh rutiiuit 

l.liin form it IuhIh for H iiiinuloH, thou again (‘mils an a jiar 
Ix'conu'H radium li. This stall' lu'rsisls for 2l» niinuU's 
givoH off lil-i particU' accompanit'd iiy a 7 ray and iK'c.omi'i 
C, and so on. Tlu' ('iiliri' st'rics has lu'i'ii (’arcfully wori 
starling with uranium, going through ionium and thn 
pliasc's of radium, and thorium lotliosi'ofaflinium. Thm 
of till'! dilTi'nmt jihast's range's from a few minute's to 1(1 
Homo of tlu* transformations arc* apparently not aecompi 
the mnission of any rays. ‘'I'licst' transformations are' t'xpli 
supposing that tlu' ray is prc'sc'ut hut poHsc'sst's such a low 
as to he unahh* to ionis^n a gas and is Ihert'fon' not dt'loc 
It is important to note that oarh lime* an os parlieh' is 
the atomic weight (h'creases by 4, i.e., tlu'atomie wu'ightol 
Furthermore, the last radio active' jiroelucl, radium F, e 
ium, has an atomic we'ight eepial to that of le'ad, and 1 
tlio jiropertie's eif orelinary lead. 

It is easy to conjecture that e'ach of the* che'mical elei 
we know the'in, has bt'cn derive'd from one* higlu'r in the 
atomic weights by the (MuisHton of one or more eie partie 
that transformations are going on continuously but at 1 
slow as to escape detection by methoels at pre'se'ut a 
167. Experiment 34. Jonmilian by Hndia-actiw SiihiH 
The apparatus feir this experiment is shown in Fig. 
consisls eif an iemi/.atiem ehamher iiiaele* e'ntire*ly of me'ti 
radio-active suhstanee, in the feirm eif a powder isspre'ad 
plate A whieii may be moved up or down. An insulateel 
is connected to an e'leetrornete'r F moimt(*el in another ( 
and connected with the ionization chamber by a re'inoval 
tube. The electrometer is chargee! by means of a batti 
small dry cells by pressing down thee wirre IF which ; 
insulated from the container. When the rays from tlui radi 
substance pass up througli the metal gauze* (1 they ioniz 
between G and D. Either electrons or positive ions, de 
upon the sign of the charge on D and F are tlrawn to war 
neutralize this charge. The deflections of the electron! 
read by means of a long focus microscope provided witl 
Diece having a graduated scale. The time reauired for 


It is necessary first to determine the rate of discharge of the 
ionization chamber and electrometer due to leakage alone. For 
this purpose, cover up the radio active substance by a close fitting 
metallic plate P. Charge the electrometer by connecting it for 
an instant to the battery by means of W, and note the time 
required for the gold leaf to fall one division. Take several 
readings and average. This leakage is due partly to imper- 
fect insulation, and partly to y rays which penetrate the metal 
cover. 

Remove the shield P, charge the electrometer as before, and 
with A near the bottom of the chamber, determine the rate of 


w 



Fio. 116. — Apparatus for ionization studies. 


discharge as above. The difference between these two rates is 
a measure of the ionization produced by the ^ rays from the radio 
active substance, provided the distance AC ia greater than 10 
centimeters, the range of the a particles. Take a series of 
observations determining the rate of leak each time raising A 3^ 
cm. until a marked increase in the rate of leak is observed. This 
indicates that the a rays have penetrated the space between the 
gauze and D. Take readings each millimeter until the rate has 
become nearly constant again. Continue until the plate A is 
as high as it can be raised. 
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Durinp; tho hint clocadc, tlu* (‘krtroti lulu* luw had a ( 
mt'id- liltlo loHH tlian plu'iioint'nal. Ih'cauHc* of the nuil 
of il.H iiHOB, c.g,, an dotoctor, amplifu'r, owillalor, modulai 
it. (ItulH many applioaiionH not only in llu' art of radio co 
oat.ion ))ul. alno in onginooring work and tlu‘ gcnn'ral i 
laboratory. No ntudont of (‘It'ctrical (‘ngimnning or i)hy 
afford to bo imaocpuunb'd with (Iuh dovdct*, and it in tlu' 
of th(' proHcmt chapbu' to H(vt forth and illuHtratc tho fundi 
principloH upon which it oporaU'H. 

168, Free Electrons.— It m cuHtomary t-o diHlinguinh i 
lator from a conductor by Haying that in tho fornu'r, o 
arc hold in their orhitn about tho powtivo nuclei with h 
groat Unit they can bo diHlodgod, if at all, <»tdy by oxc( 
largo fiolclH while in tlio latter, tho attracting forcon art* i 
that they arc oanily torn from their ponitionH of otpiilibri 
move about through tho body. Tho id(*a of hucIi ouHily 
table atoniH is ludtl by Botuo to bc^ ificoiiMiHlimt with t 
mechanical proportioH of nudaln, and the cane with whi 
troriH move through conductorH is oxplaituul by saying thi 
the forcoH holding atoms togt'thor arc' vt*ry largo, noveu 
due to the cloHonoHH of approacli during coIliHionH, tho mi 
one atom may attract an electron of another with ho gnml 
in tho opposite direction that tho olootron in noaiiy in 
rium, and a slight Hold may oaimo it to loavo it« original 
system and ontor that of a noighboring tmo. 'Pho ono frtn 
it escapod would bo left with an oxcc^hh jawitivt* chargo am 
in a similar manner, capture an ol(*rtrt)n from am»tho 
According to this view, oloctrons move through a conduc 
by 2jig-aag paths between moIoeuIoH, but by poHsing 
the molecules, and forming distinct parts of the atomic sti 

* Richardson, Blmission of Electricity from Hot Bodii*, 


one conductor in to another in contact with it, it might be inferred 
that they could also be drawn easily out of a conductor into a 
vacuuous space. It is found, however, that this is not the case, 
and that special means must be used to cause them to thus 
emerge. For want of a better explanation, it has been assumed 
that there exists at the surface of a conductor, a force which 
tends to keep the electrons within the body. The exact nature 
of this force is unknown, but recent developments regarding the 
structure of the atom tend to support the view that such a force 
really exists. If this is true, a certain amount of work must bo 
done on the electron to move it out of a body against this attract- 
ing force. 

One of the ways in which electrons may be dislodged from a 
metal is by the application of electromagnetic radiation of very 
short wave length. For example, if ultraviolet light falls upon 
an insulated piece of zinc, it acquires a positive charge, or, if 
originally charged to a negative potential, it loses this charge 
and becomes positive. This is explained by saying that the 
electrons within the atoms of the metal absorb energy from the 
incident light waves and arc stimulated to vibrate with ampli- 
tudes so great that they possess energy sufficient to overcome 
the surface forces and escape into the surrounding space with 
velocities which depend upon the energy of the light wave and 
that lost in moving against the surface attraction. This is 
known as the photo electric effect, and while it is most pronounced 
in zinc it is found to exist to a greater or less extent in all metals. 
Another way in which electrons may be dislodged from a body 
is by bombardment with other electrons. Certain metals, 
notably copper and nickel, when struck by electrons having 
sufficient energy of motion may emit as many as twenty other 
electrons for each one striking. This is known as secondary 
emission, and has been made use of in a number of electron 
devices. 

The most effective way to get electrons out of a body is to 
heat it. The explanation of this effect is as follows: Since the 



tli(' hotly muHi alno poHHt'KH tnulircctt'd motion of tlu'nu 
tion from impact witli the mtilcculcH. In fact it in j 
HuppoHctl that tlu'y arc in tlu'rmal ctpiilihrium with tht' m 
that in, tlu^ avt'ragt* value of their kinetic tnuM'Kit'H in ( 
an that of tht' mtdecuh'H. Since kinetic eiu’rgy in * 2 
nuiBH of an t'l(U’trt)n in very nmch Ichh than that of a mo 
followH that the velociticK of tht* t'lectroiiH muHt he ma: 
larger than thtJHc of the molecult'H. "Fhe it'mpt'raturc 
ingly neetl not ht' v(*ry high (dull rctl) hefor«‘ an ap 
numher of cl('ctrt)nH will pohhchh Hunicient t'uergy t)f u 
overct)nu* the* Hurfact' forct' of attraction and cKcapt* 
HiUTt)unding Hpaee. If tht* emitting htuly In iitHtdatct 
take on a ptJHitive charge hecauHi* of the Iokh td t'leetrtmH 
hotly w in a clonetl vchhcI Ht) that tin* eh'ctrttuH can not 
away, Ht)ine t)f them will he drawn hack intt) it, anti ai 
riiun ct)ntUtit)n will ht* eHtahliHhtnl in which the munhei 
h equal to the numlx'r falling hack. 'I'he numher of 
emitted per unit time in given hy tht' ft>nnula‘ 

h 
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wliere T ia the abHolute temperature of the body, c, the hi 
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of the filament, and an equilibrium state would be reached in 
which the number returning to the filament is equal to that of 
those leaving it. The battery B produces an electric field which 
causes electrons to move from the 
filament to the plate, which they 
enter and pass through the external 
metallic circuit and return to the 
filament. They constitute an electric 
current which, according to common 
parlance, is said to flow into the plate 
and out of the filament. The passage 
of electrons through the vacuous space 
between the electrodes is called the 
“space current.” The magnitude of 
the space current is limited by two important considerations 
which may be made clear by the following experiments. 

171. Voltage Saturation. — Suppose that the temperature 
of the filament is held constant at a value somewhat less than that 



11(>. — Two olomoiit 
electron tnl)o. 


required for normal operation of the tube. Let the voltage of the 
battery B be gradually increased from zero to some specified 
value, and let the space current be measured and plotted as a 



Plato Potential 


Fio. 117. — Voltage saturation curves. 


function of B. It will be 
found that for small values 
of plate potential the space 
current gradually increases 
as shown by the curve of 
Fig. 117, marked Ti, but that 
it soon stops rising and re- 
mains constant, no matter 
how much the voltage is 
increased. This limitation of 
the current is due to the fact 
that there is available at the 
filament only a finite number 
of electrons which depends 
UDon its temnerature as 
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temperature, the lower part of the curve will be tlm same as m 
the previous case. When such a voltage is reached that the 
available electrons are all drawn to the plate, the current again 
becomes constant but this time at a higher value, as shown by 
T, of the figure. In this way a series of curves may be 
obtained which are coincident at their lower extremities but 
become horizontal at definite values of voltage for each filament 


temperature. 

The constant current which results when all the available 
electrons are used is somewhat inappropriately called the “satura- 
tion current” from the similarity of shape between these curves 
and the magnetization curves of iron, in which the knee of the 
curve is caUed the saturation point. The voltage required to 
produce the saturation current at any temperature is called the 
“saturation voltage” for that temperature. The saturation 
current is thus a measure of the total electron emission at a given 


temperature. ^ i • 

172. Space Charge. — From the experiment just described, it 
might be inferred that the rate of electron emission is the only 

limitation to the magnitude of 
the space current and that if 
filaments of sufiicient areas were 
provided, currents of any magni- 
tude could be obtained. That 
this is not the case is shown by 
the following experiment. 

Suppose now the voltage, of 
the battery B is held constant 
and the space current measured 
as the temperature of the fila- 
ment is changed. Starting with 
the filament cold, it will be 

F.«. U8.-Effect o( space charge. 

zero, since no electrons are emitted. In fact for most filament 
materials, there will be no space current, measurable with 
ordinarv instruments, until the filament is hot enouerh to show 




consiant. ii, iiowever, xne experiment is repeatea using a larger 
voltage for the battery B, it is found, on starting again with the 
filament cold, that the relation between the space current and 
filament temperature is the same as in the previous case for low 
temperatures. At a certain temperature, however, the space 
current again becomes constant but has a larger value than 
before, and takes place at a higher filament temperature. This 
is shown by the curve V<i. of the figure. Repeating with a still 
higher voltage, the curve Vz is obtained. 

The limitation of the space current in this case is due to the 
action of the electrons which constitute it. Consider an elec- 
tron which has just emerged from the filament. If it were the 
only electron between the filament and the plate, it would be 
acted upon by an electric field which depends only upon the dif- 
erence of potential between the filament and the plate. If how- 
ever, there exists between this electron and the plate a second 
electron, the force on the first electron will be loss than in the pre- 
vious case since it is repelled by the second electron. The fact 
that the second electron may bo in motion makes no difference so 
long as its velocity is less than that of light. If, now, there is a 
swarm of electrons of sufficient number between the filament 
and plate, their repelling action on freshly emitted electrons will 
just balance the attraction of the positively charged plate and there 
is no tendency for them to move, until some of those near the plate 
have entered it and thus reduced the number in the swarm. 
Electrons from the filament will then enter the swarm keeping the 
number between filament and plate constant, thus giving the steady 
space current observed. If the plate voltage is raised, it will re- 
quire a larger number of electrons in the space to neutralize this in- 
creased potential gradient. Furthermore, electrons will be drawn 
out of the swarm more rapidly thus requiring a larger number to 
enter it to maintain equilibrium and the space current is 
thereby increased. 

From the explanation just given, it may be inferred that the 
maximum space current which can be obtained for a given diff- 
erence of potential between filament and plate depends upon the 
shape, dimensions and spacing of the electrodes. For a tube 
having a cylindrical plate of radius r, and a straight filament 
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whei’e V is tlu' (liffereiuio of iioUMitial Ix'i wc'c'n (ilanu‘n(. niul plain 
6 

and is the raiio of the charge to the mass of the oleelron. 

^substituting numerical values f<>i' i'-inl ('xpnwing \\ i, and r in 
volts, ainiieres and centimeters this Ih'cohu's 

/ = 14.(15 X 10' (5) 


The two element tube finds its chief aiiplication as a rc'ct ifh'r and 
is often called the “Kenotrou.” (Current cun flow only vvlum the 
plate is positive with respect to the filanicmt. When th(' plate is 
negative, filament electrons are. driven back into it as fast, as 
they are emitted, and so long as the plat(‘ is cold, mme arc' (‘initted 
there, Conaequcntly there can bo no revei’se eurrt'nl . d'he tulu' 
is thus a perfect rectifier for any voltage within tlu' limits of the 
rnochanical and dielectric strength of the. i)arl.H of whieli it is made. 
It ceases to function as a rectifier however, if the plate bt'eonu'H 
too hot for it also then becomes a source of eleetrunH. I'lven at 
relatively low voltages, oloctrons acquire velocities of many thou- 
sand miles per second in passing from filament to plate and thus 
strike it possessing very apprcudable amounts of kiuetie. c'liergy 
which is converted into heat hy homhardmeut. In fact this 
effect is made use of in liealing the plates to “outgaH" tliein 
during the evacuation procoBs, 

173. Experiment 36. CharaclerisUca of the Two Mement 
Electron 7’m 66.— Connect the apparatus as shown in Fig. 1 Ifi, 
using for B a battery of flash light cells or a motor gent*rator net 
giving an E.M.F. of about 600 volts. The purpose of tliia 
experiment is to obtain the two sets of characteristic cuirvt's for 
the Kenotron rectifier illustrated in Figs. 1 17 and 1 18. Awc^ertain 
from the instructor the normal filament current for the tul)e, and 
using this and two smaller ones take plate potential-space cmrrt'nt 
characteristics for each, varying plate potentials from 0 to 6{K) 
volts. Determine also the filament current— snacMi current 


(luarwu* or an aiuporc witli a dillcronco ot potential of 500 volts. 

174. The Three-element Electron Tube. — In the discussion of 
th(‘, two-c'.kiincuit tubes tlus despondence of space current upon fila- 
inesiii tesnipe'i'atures anel plates pestesntial was described, and it 
was ixsiute'd out that its prinesiiial application is in the rectification 
of hi^h vesltages altenauitinp; esurresnts. By clianging the tempera- 
tures e)f tlies filanuMit, thus roKulating the supply of available 
elesestresuH it alses sesrvesH as a means of controlling currents. In 
this way, it aests as an esloestriesal valve which may be opened or 
esleisesel to any dessiresel fractiem of its current carrying capacity. 
Hineses, heswesvesr, filament temircraturess do not respond immedi- 
atesly tes eshangess in hcsat.ing current, this action is sluggish, and 
it esan not be use'el in this way to produce current variations that 
arcs at all rapid. 

It has beam fesunel that the space current may be controlled 
with resmarkables esase by the introduction between the filament 
and plates esf a thirel eleestrode in the form of a grid or mesh of fine 
wires through which tins electrons must pass on their way from 
filanusnt tei iilato. Hiush an arrangement is shown in Eig. 119. 
If a diffesresnese eif potesntial is estalilisheel Isctween the filament and 
grid by nieans of tins battery C, the grid tends to accelerate or 
retard the {sloet.rons of the space current according as it is positive 
or nesgatives with respect to thes filament. It thus counteracts or 
UHsrcsasrss tins elTect of the space charges. The oireration of the 
threts-element tube may be best described by means of the curve 
of Eig. 120, which shows tins relation botwesen the plate current 
and thes grid volts and is known as the “static characteristic.” 
If the grid is disconnected from the circuit, the. tube behaves as 
the ordinary two-element device in which the space current is 
limited either by electron omission of the filament or by space 
charge. Assuming thons is available a sufficient supply of elec- 



having a larp energy ratio. 


In the Mieontl place, the response (jf the plat<' eumnit t« ehimgf'H 
in grid potential ia exceedingly (puck, ahnemt inatantanfHnw. If 

i \ .« i . . « » .1 .*1 . , 



order of the time lag to be expected. For thi« reoaon it may be 
mgarded m a relay witii no moving inechanieal parte and is 
therefore without inertia in ita action. 

A|^n, there exitte for a conriderable range, a linear ndation 
between grid potential and plate current so that the variations in 
plate current are faithful reproductions of the change* in grid 
potential and thua the devlo© k a di«tortionle« amplifier. 

176, Expmdment 86, Static Charactsrwiim of a Three^eknwnl 
Mkclrm fak.*— C'onneet the apparatus aa *hown in Fig, 1 10. 
Use for the filament battery set of storage celk^ furnishing 


Vibvuiiiiu u xj j.;u <x utituci^ UA AlilDll llgllb 

co.IIh givin)^ 500 voll.H or a motor generator set. For C use a 
battery of flaHb light eells giving about GO volts. Bring the 
filaiiKUit up 1.0 normal temperature, and apply a plate voltage 
of y{\ normal. Apply a Hufficiont negative voltage to the grid 



to reduce the plate current approximately to zero. Raise the 
gritl volt« l)y steiw to zero and positive values and note the 
grid and plate currents for each setting. Repeat for several 
values of plate voltage up to and including normal. 

Report. Describe the throe element electron tube and outline 
its princij)al operation features. Plot the static characteristic for 
the plate voltag(*.B studied, also the grid current as a function of 
grid volte. Sometimes a negative grid current is obtained. 
How can this be explained? 

176. Amplification Factor.— The fact that the three-element 
tube may bo used as a relay has been referred to several times, 
and it is necessary to define accurately what is meant by this 
statement. By a relay, is meant any device by which a small 
amount of energy may be used to turn on and off or control a 
much larger source of energy. In the case of the electron tube, 
the source of energy is the plate battery and the grid is the gate 
by which it is controlled. Considering now the plate and grid 



in these circuits, and that we may aceor(linfi;ly reiVr to ('illu'r tlu' 
power amplification, the curnmt amplilication, or (Ik* voUa^c^ 
amplification. The meaning of tlu'. first two of (hos(‘ expressions 
is obvious; for example', ))y power amplifiealion is meant tin' 
ratio of the change hi ])ow('r drawm from tlu' plait' hullery to 
the change in power sipijilied to the grid, ami a eorrt'sponding 
moaning is given to currt'iit amplilication. 

However, in the ordinary use of the tulx', tlu' voltage of llu' 
plate battery remains constant, and tlu' mt'aning of Iht' voltagt' 
amplification factor is not so ('videnl. Tlu' signifiennet' of this 

term can pt'rhaps lu' im- 
dt'i'Stood by refen'iiei* to a 
serit'H of static eharueleris- 
ticH as rt'prt'St'ntetl in Kig. 
121, when' I lit' tli'pemh'net' 
of space currt'iit uptm gritl 
volts ftir a serit'H tif plate 
poti'iitials, at 50 volts in- 
tervals, is shtiwii. Snp- 
poHt', forexampli', tht' platt' 
vtiltage is 100 ami (hi* gritl 
volts 2 !ero. Tht' space 
current is Iht'n 10 milli- 
ampercH. It is desirt'd to 
inert'ase the spact' eurrent 
to 20 milliampercH. This may bt' dont' eitlier by nuHirig Iht' fdate 
voltage to 150 or the gritl vtiltagti tti 5. 'riius an inert'ant' tif 5 
volts on the grid jiroduceH the same change in tht' space enrrt'ut 
as an increase of 60 volts on the plate. The voltage ainplilieat itm 
factor in this case is said to be 10, since one volt on the gritl is 
equivalent to 10 volts on the plate. 

A working equation conru'ciing those (luantitieH may bt* 
deduced as follows. It was shown in oq. (2) that ftir tht' two- 
element tube, the plate current is proportional tti the* H 
power of the plate voltage, i.o.. Ip * aF^, where a is a eonstont. 
Since a change in grid voltage is more effective by a eertain 
factor, which we will call k, in producing a change in plate eum'nt 
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(uenu'iil- tiU)o with a plaio voltago Ep -j- kEy, The expression 
for the current, then bccomoH 

/„ = + /cK,)« (4) 

Siruu^ (‘(p (2) I’cha’H to ilu^ cast* in which there is an abundance of 
('](', e.t.rouH at, t,he filanunit and t,li('. (uirreiit is limited only by the 
H[)a(‘.(‘ (*harg(', (mj. (4) holds only for the left-hand part of the 
e,haract(‘ris(ic, i.e., up to the Ix'nd. 

U,(d('rring to hig. 121, it is seem that the static characteristics 
all hav(' a point of infl(‘(4ion, and that for a considerable portion 
eacdt Hid(‘ of this point, tlu' curve is nearly a straight line. If the 
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Pit). 121. Doptnulonon of static phamoterlfttlr'H upon ijlato potontiiil. 

tube is UR(»d m a distortionless amplifier, it is necessary that 
tht^ range of at) plied grid volte should not appreciably exceed the 
linear part. In this case, the simplified equation 

Ip - a{Ep + kKp) ( 5 ) 

may be used in which a is the filament to plate conductance of the 
tul)e, and is the sloi)o of the linear part of the characteristic. 
If Ep is sufficiently negative, the plate current is zero. Calling 
this value Ep„ wo have 



k 
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fact, tlu' ainplilication factor is iiivi'rst'ly iiniporlitmal io the tlis- 
tancc bctwcc'ji grid win'S. Again, if I he grid is ehist* (o ihc liln- 
incnt so tlatt it acts njx)!! llio (‘Ic'cl rons heforc Ihry lia vo gainod 
apprcciahh^ sjKH'ds, it is aion' ('ITcclivc ilian if it is near the plntia 
Thus, if it is (h'sircd to construct a tuhe with a large voltage 
amplification factor it should have a grid with a lin<* mesh 
nuninh'd close, to the filaiiKUd. 'I'uhes having nmplitieni i<in 
factors as larger as 100 have been constructed, hut in actual prac- 
tice fa.ctoi'S from 10 to 20 are mon* comnam. 

A simple UH'thod for ohtainiiig tlu' amplification factor of a 
tuhe is to impress upon tlu' plate a ctadain ptwitive potential and 
then apply to the grid a tu'gative pott'niial snflieitmt to reduce tlu' 
I)late current to zero, Tlu' ratio of tlu' platt' ami gritl pcUentiuls 
is tlum the ami)liru’.at.!on factor of llu< tuhe* for this particular 
plate voltage. It is found in practice that tlic nmplilication 
factor of a tnhe is not constant Imt varii'S with the plate ami grid 
potentials used. 'Phis is dvu' to the fact that the average distrilm- 
tion of electrons helwcam the plate* ami filament eluuiges with (h«* 
potentials on tlu^ grid and plate which in elTeet, tlieir 

relative positions. By taking, in tlus manner, ineusun'ineutH 
over a series of values of ])late voltage* a fair ielea of the he'luivitu' 
of the tuhe may he ohtaine'el. 

While the metliod just ele'serihed yields re'HultH sufliciemlly 
accurate fe)r many purpe)He*K, it luis ue've'rthe*lt*HH om* neriouH i*rrejr. 
Unless tlie tube Is very care'fully ek'nigne'd, it elew's ned have' a 
sharp “cut off.” Tluit is, (he* eharnet eristic t'urve* does nut pro- 
ceed straight down to the axis, hut Hle»pe*H eufT and a)>pre>aeh(*H it 
gradually. The*, actual ru'gative grid potent lain n*t|uin*tl to 
reduce the plate current to mmi are* mue’li larger than wendel he 
obtained by continuing the straight peirtiou of the* eharne'teristie* 
until it intercei)tH thei he)ris5e)nlal axis. In actual nm% this inter- 
cept value is the one whicli is e'fft*ctive. A dynaiinc inetluHl in 
whie'.h this error is eliminated Inis l)f*e‘n devised by Miller.* 
His circuit is shown in Fig. 122. The tuhe is eontjeeteil in the 
ordinary way with a telephone rc*(-eiv'(*r in the plate elrenit, 
and potentials supplied to the plaP* and grid by the batterit*H H 
and C respectively. By properly adiuHtina: the viilueK tif thew* 


Ki and R2 across which is connected the secondary of a telephone 
transformer T. When an alternating current is supplied to the 
primary of this transformer, small alternating voltages, i.e., the 
resistance drops across Ri and R2, are introduced into the grid 
and plate circuits respectively. It is obvious from the con- 
nections that when the additional voltage on the plate is positive 
that on the grid is negative and vice versa. By changing the 
relative values of Ri and R2 the ratio of these voltages may be 
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made to have any desired value. If it is such that the added 
grid potential just balances that added to the plate, there will 
be no change in the steady plate current and consequently no 
sound in the phones. The amplification factor k is then the 
ratio of R2 to Ri. The advantage of this method is that it mea- 
sures the amplification factor while the tube is operating in the 
same manner as when actually used in practice. The dependence 
of the amplification factor upon the plate and grid volts may thus 

be easily £ind quickly obtained. 

177. Experiment 37. Amplification Factor of a Three-element 
Electron Tube.— Connect the apparatus as shown in Fig. 122, usmg 

mi _ T> 


v()ltii|2;(' .should cotisisl ol a Imld'i'y ol suiall 

lip:ht (-.oils. Tho, A. (\ HUi)i)ly should hav(' a rrf([ucii(’y hish 
enough to give, a good ehavr no((' in llu' phones, ami the voltages 
acims Ri and Rt should he low (ujough so that tin* operating 
point niov('s only a siuall auiotinl along flu' statie (*ha»‘ueleri.sti<' 
curve. Make: two tests, hirst hold Iht' grid volts at .snnu* 
predeternuned va.hie, and ineasurt' Iht' aniplilieat ion factor for a 
scu’ios of plaic' voltjiges ranging from a small value up tf> tin' 
nuiximum for which the (uhe is designed, Next hold plat<* 
volts at normal value and nuaisiirt' lh<‘ ampliliealion factor for a 
series of values of gihl volts, ('hc'ck the n'sults (d the lirst scries 
by the static, method explainc'd ahov«\ 'Flmt is, for each tiilTcrent 
plate voltage, find tlu‘ n(*gativ(* grid pottmtiul retpiired t(» reduce 
tlu', plate curnait to z('ro. 

Report.-— Plot curve's showing tlu' de'peudcuci' of tin* ampHlicu" 
tion factor upon lioth tlu' plat(’ and grid potentials by tin* 
dyuamio method, and upon plale pcdentials for the .-iintic 
method. IIow do you accouid for tlu' differc'uccs lictween these 
curves? 

178. Internal Plate Resistance of a Three-element Electron 
Tube.-— following the amplificathm factor, the next nu»,s( 
iuiportant characteristic of an electron lulie from the standpoint 
of operation is imrluips its internal impedanee. It is a well kimwn 
principle of electrical ])raetic(‘ that the ImiM'dance (if a deviei* 
should equal that of the circuit on whieli it ojMTnles. Aceonh- 
ingly, in designing a tuh(* ((j operat(« on a pnrtietdar eitamil or 
conversely in adjusting a circuit t(i tit tin* tube wliich is suppiying 
powtu' to it, it is neecHsary to know tlu' plate t(i (ihuneut imjH*- 
dance of the tube. The mcchaiiisin by whieli tin' viicmatH .'.pace’ 
offers resiatanco may he umlemtood hy the following considem- 
tion. When a cairrent flows thrtuigh a conductor, heat is 
developed within it. This energy is furnmhed by the driving 
electric field which urges the eleetroiw ahmg liirough ilw con- 
ductor. Resistance, in this tawe, is dut* to a dina-l interference 
with the motion of electrons. Ah a coiwaiuimci' of this vi«*w of 
the nature of resistance, it miglit at ftiid Iw thought that a iMu-fcct 
vacuum would be a perfect conductor of electricity since there is 


...... I iMiw.'n, in Muouration. iViorc- 

()'V'(*i f (ilu^ fjict (.luiti it iH (*UHy to luuit the pUito red hot by the passage 
of eurrcnit., indieiitc's that it is aceoinpanied by a consumption of 
(•neiKy- 

Whtm an (dc'ctron is cunitted by the heated filament, it finds 
itHcdf in Urn eku-troHlutie (ic'ld existing between filament and 
pliUo, and it is at onen aeeeh'.rated toward the plate. Since the 
elecircni posHesKCS mass, it ru'cessarily gains kinetic energy as it 
mov(*H toward platfn This (niergy is a])Htractod from the 
eloel ric. which accelerates it. When the electron strikes the 
plate, it iioHHeHHt'B a velocity of the order of several thousand miles 
p(»r wH'orul even under modtsrate potential differences At the 
plnU' it is Hiuhhmly brought to rest and its kinetic energy of 
motion is convert ( hI into heat energy of the molecules of the 
plate. Whil(' tlu^ lube does not poBSCSs resistance in quite the 
sam<^ way that an ordinary metallic conductor does, it, never- 
thek'SH, couRUnies (mergy when a current passes, and it is cus- 
tomary t.o Bp(‘ak of its resistance and to define it on the. basis of 
the (uiergy it consunu's. Thus, if I is the current flowing through 
the tube, and H-' the watts consumed by it, its resistance li is 
defined to lie such that 

W PR ■ (7) 

Hinee this is the same equation as holds for the power converted 
into heat by the ordinary conductor, wo may determine, the 
resistaiuH^ of the tube Ijy the voltage required to furnish a given 
current through it. An application of Ohm’s law to correspond- 
ing values of plate volts and plate current as read from the static 
charnctrwiHtics shewi that the resistance of a tube is not constant 
but depemds upon the values of both the plate, and grid potentials, 
and also upon the electron emission from the filament in case 
saturation voltages are used. It is necessary therefore to define 
the resiHlantie of the tul)e for a particular point in the char- 
actemstie curve. This i« done by saying that the resistance of the 
tuiw is the ratio of the changes in plate volts to the change in plate 
currfint produced by it, when this change is made vanishingly 
small. That is 
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runiishc<l by ( he A.( \ supply. rosistanco thus measured will 
lx* (host* (If'lhx'd by ('<(. (S). 

179. Experiment 38. ri.itlr^jUnmmf. lie.vMance of an Electron 
Tiihf. ( 'oniu'i'i I Ik* npixinil us ns shown in 123. As a source 
of iili<'ni!itinA‘ vollnpii* us(' any oscillnfor giving a good clear note 
furnishing an I'hM.F. of about 10 volts. The resistance 
should be of the saint* onlt'i* of magnitude as the tube under tost, 
i.t'., several ihotisand ohms. Asetn’tain the. normal ])late voltage 
for the lube, and make a series of nieasureinents of internal 
('(‘sislanet* varying the grid volts ov(*r a eonsidt'rable range, both 
posit ivi* and ni'galivt*. Hi'pt'at using plate voltages three-quar- 
ters, one-half and one-tpuirlei- normal, nisconmud the tube 
from thi* britlgt* and ili*tt'rmin(* its static charaeleristie for normal 
jihitt* voltage. 

Report. ldt)t internal resistant*t> as a function of grid volts for 
tin* four series of tibservatious. Plot the static characteristic 
nml cheek your results by the first method described. The 
umplilienlion fat*lor may be olilained liy ('xlniuling the straight 
portion of the charaeterislic and taking its interce])t on the 
hori/.onla! axis ns tin* value of tin* grid volts necessary to rcduco 
the plate curn*ul to zero. Set* .Vrt. 176. 

180. The Tungar Rectifier. In tin* easi* of tidies operated 
on n pure ehs-tron diselmrge, it is possible, at best, to obtain 
etirrenlH of but a fraction of an amp(*r(‘, and ilu'se only by the 
emjiloymenl of several hundred volts. Whih* sueh tubes are 
Hali.*^raelory for I be reel iiienl ion of high voltage currents they 
nrt*. never! hi'less, un.Huituble for east's in wliieh st'veral amiieres at 
low voltage an* retpureil, as, for exaiuplt*, charging storage 
Imtl cries from (trdiuary city lighting cireuits. For this purpose, 
a slUisfnetory tulx*. kmiwn as the tiingar n'tdifun’ has been 
(levehtped by the ( leiieral Fh't'trie t'o.’ It is a two-element 
luix', the eafltotle of wiiich i.s a ht*at('d tung.steii filament in the 
form tif n helix, whilt* tin* uinxle is a conical pit'ce of tungsten 
mountetl nlxtut h mm. frtnu the filament. Insl.t'atl of a vacuum, 
tin* luix* etuituiuH pure urgtm at a pn'ssure of 8 or 10 ems, of 
mercury. 

fiW . ...... ... I* i! I.- ^ 1 1 r/\ 


poninp; ('.Icctricu.y Itolwocni tlU' CMt'Cinnicn unu iuu.-h Junu-rmuy 
in(U‘ 0 !iH(^ liu- (’tu'ryinpi c.iipiu'ily of tli(‘ ttiln*. In tlu* c*uii\ 
to wtiliKC poHitive iou.s, it wan fcamd that nuuiy nascs havo 
injuriouH efTocda. For t'xainplc', in tlu* i)nwnft< of oxygon, tlio. 
electron oinisHiou of tungHt(‘n is cut (l<iwn to a small fructifui (jf 
what it is in high vacuum. Again, many gases unite witli tlm 
heated filament forming compoumlH, which are liighly volatih’ 
at normal opeu-ating teiiipimitures and tlms cuust* if to tlisint«‘g- 
rate. Furthermore, wlien a gas is present in «mly small uimamtH, 
the mean free ])ath of tlu' positive ions may he m\ great (hat they 
aecpiire velociticH Huflicient to chip off particles of llu' tilameut 
Hoftened l)y heating, anti thus hasten its diHintc'gniiiitm By uhc' 
of an inert gas such as argon, tlu* first two ilifliculties are over- 
come and by shortening tlu* nu'un fn*!* path hy using relativtdy 
high ])resHures, tlu^ spec'ds arc^ so r<‘duc(*d hy frecpient ecdlisions 
that the disintegration hy homhardment is insignificant. 

In order to avoid the formation ttf volatile* cojupounds it is 
necessary that the argon he very pfin*, and in the early tubes 
groat pains were taken to seeure this. It has been found possildt^ 
to mount within tlie tube, usually on (Uie of tlu* lihnnent letuln, 
aiibstanees which react chcfuically with tlu* impurities, whieli 
thus keep the argon in n purt^ state. For the* larger si/.ed tubes, 
a graphite anode mounted on a tungHtf»n suppen! is ofti'ii 
used, and the purifying agent may then he introdueeil in the 
anode. As impurities are given ofT from tlu! eleetrodeH tu’ interior 
walls, the drop across the are inereascH, Uln'rating lunri* heal at 
the anode, which thus causes vapom to lie given <jfT hy the purify- 
ing agent and in this way the argon is maintained in a stale of 
high purity. 

After the arc has once been started, the filament may he* kept 
heated by positive ion bombardment after the heating eurrefjt 
has been shut off. In this case, the arc confiniw ititolf to a very 
lirriited portion of the filMnent. This spot wasteM trway more 
rapidly than the rest of the filament and the life of the tube is 
materially shortened when operated in tliis way. For the larger 
sized tubes, i.e., those with a current ea[)acity of 20 to 40 atniM^reh, 
a fine tungsten point is indepeiuiontly mounted cIcjm! to tht* fila- 
ment. This mav bo heated to a hitrh tonirwmftim tiv iiBtnfi- if 


lifo. Siiu’t' iH'lalivoly Uu'ki' uiuounlH of powor are consumed by 
the filanu'nl current, it nuKht be expected that the latter method 
of opc'rat h)n would rtwdt in a material increaHe in eiliciency. 
Tiiin in not the c*aHe, Hince (lie voltage aeroHH the arc riscH when 
tlu^ filament eiirnml is cut otT, and the resulting increase in energy 
eoiiHumptiou in the are itst'lf practically balances the saving 
effected in llu' tilanu'nt. Commercial sets are usually made for 
the purpow' of charging automobile storage batteries with a 
maximum h.M.I'b of (it) volts directly from lit) volt alternating 
curnmt circuits. 'I'o avoid losses in controlling rheostats, a stop 
down transformer is mounted within tlic case to reduce the A.Cb 
voltage to the desin'd value lu'forc' rectifying it.. A separate low 
voltage winding is included for healing the filament. 

181. Experiment 89. Slntlj/ of thv Tungar JMifu’r.~~-'Vov 
Kimplicify of operulitm, obtain the characteristic curvcH by the 



ii» of cliroct eiirnuits. *\IcHint the tube in a HfKHual sockot and 
Miiiiofit it In cirruil iw ahowii in Fig. 124. Ascertain the normal 
heating current for ttw* fikment and he careful not to exceed this 
value. With thb iirrangeinent four curves are to ho taken: (a) 
'Hie vo!t-«nf>ero eliiirfwtorwtie for the are; (6) the (iffieiency of the 
retitifiiir with external fikinent heating current; using 30 volts 
tiu the pkte; (f) the offieieney of the rectifier with filament 
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(nimmi by inoaiiK of tlu' rlu'ostal A’ liinaigh us wiili- ninj^os us (he 
an; will poniiit. Tlu' powu'r (’onsuiiu'tl by l\ is lukt'ii us the Itiud 
ov UHobil output, of tho (Icvico. Next iilncc tin- tub** in I In- sot-kol 
of tho. n^gular r('(’.tili('r st'l and mulu' an »‘irH'ii'nfy run usinK llio 
J 10 volt A. (k oiiauiit us a souroo of powor. Mcuniu'c iho input 
by moans of a waltinott'r and tiu' output i'V tlu' volt "Uinporo 
product for the load rheostat A’. \‘ury tho kaul utuport's throujj;h 
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as wi(l(' a riingt' as jaissiblo, 'I'lic cunnt'i'tionf' for tins lo^t an' 
shown in Idg. 125, Hefon* HtartiuK the tcht opon up tin- houniiu^ 
for tho sot and Hludy carefully the iiiteruul (’oiuuM'liouH. 

Report.- -Plot the voll-ampi'ro eharaeterisfie for the tJuiiuinr 
rcctifior, also the various efliciency curven as a ftuielitm «if the 
load current. Is there any siinilarity lielvveen tin* volt antjaue 
charactcristicH for the tiiiigtir rectifier and (hat ttf the ordinary 
carbon arc. 



('IIAP'I'KK XV 


PHOTOMETER' AND OPTICAL PYROMETER 


182. IntanHity of Radiation. Tlic hrij^htnosM of light, as 
c.sl iiunli'tl Ity llu* I'vr, is nnl (’Mpalilr of i)r(‘cis(' inoaaumnciit, 
hinco it (loprtKh. In a laiRo oxtrnt upon Iha color of tho light and 
(ho onoNM t)!‘ the cvo which rcci'ivcs it. Acciordiiigly, tho 

only con.">iNf cnt way in which intensity may 1 k‘ spociruul is in 
tertus of energv. Proceetling on this basis, the intensity of 
waives, whether they an' thnw' of .sound, light or of any otlicrtypc, 
is mt'asured hy the aiuount of energy passing pi'r second through 
a Hipinre centimeter of area at right angles to the direetion of 
propagation. If lliere i^ no hws in the nu'iliinn, and if the 
medium contrihute'. nothing to the intensity, the' same (puintity 
of energy will peiHi'^t m a gii en wave no matter how far ittravc'ls, 
or how the dimeie-iom- and form of tin* wave front may eliango, as 


it udvnnceH. 

'I'lie vaiiation of inlemuty with di.stance from the souree, 
de}M'nds ujHUi tlie shape of ih«' wave front, or what amounts to 


llie same tfnng, the numher of dimem 
sioUM in which the wa\e Hpreu«h out. 
i’‘or I'snmph”, if lh<* wave fiiUif is 
plane, in the i‘!er of a ^oumi wave 
fiuvellmg along a •^j«'akiiig tube, or 
ijie beam tiom ji »<eniehhgh!, tlie 
wave fioiit mamfuim-' a eoiiMtanl 
area, ainl llse mfeteaf \ independent 
of the dl»’fHt»ce Imm the source. 
Again, if a fH-bhlr diopped in flic 
lake, wnvcH liau-l out w aid in I'ii'cles 



1 !(., nia, I’rtiiifiKtitiou of 
• jtlii'rinil wuvcH. 


and are propagnletl in two dimeii" 

sioitH. In ihtH cie^e the energ) reninin.H eon.staiit in a eirele which 


iner<'Uf»eH ,’SH the th^’ianee from flu* center and llm intensity varies 


itsvrrwly a'’ the «lr''tance from the **ource. In the ease of sjihcrical 
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Accordhigly, if li^ht from two tlilToifiit wmrroH in nilowint to full 
upon a Hc.roon in Huch a way that llm uroiw «tf tin* Mi’itnintr jlluiui" 
natioriR aro atljacanl, luiualily in tin* two inirnHitioH ntny In* 
detorminocl by tho diMappoariuu’i' of Ihi* lino f»f tlmnnrkutitin 
between them. An iuHtrumcmt for thin pur|MJHi* may bo 
arranged aa nhown in Fig. 127 by mounting iwc* iiunph /.i lunl L-u 
whieh are to be compared, at tin* oiuIh of a l»iniob |ir«»vnl»'»l with a 
scale along wliieli ruuH a earriage* MUpjKtrting a nnwu of whife 
paper. Tho central portion of this wreen i» improgiinii’d with 
paraffine which rondern it HemitranHparent, 'rhi» Hj wit HpjwnrM 
darker than its BurroundingH if viewed by retleeUnl liglii, but it w 
brighter in transmitted light. If, Imwever, the inleitHity of 
illunaination is the same on both sideH, the wjwit dif4iip|M‘iirH wnre* 
the amounts transmitted in tho two tlireeticnw are eeptnb 


If »Sj IUkI HH* lilt* (»f (lu‘ two HOOrt’OH 1111(1 f/j Ul)(l tl» 

their rcKiicTtivc (liHtuiu-cri from tlu* Hrrcen, thf'n liy vq. (1) the 
iiunuuatiou oti cacli wide tif the Hcretni in Kiven hv 
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If one tif th«' w.ureeH, ^ HtiiiKiunl hmif», N, may 1 m‘ 

eominiteii. 

184. Th® LuRWUftr-Brodhun Photonictor. A eoiiipHrator eon- 
Huieriihly luott* Hi'iinitive tliaii tlu* ^reani* HjMit #4er(‘en jtint {l(*Herilic*(l 
luw been develojM’d l»y Liiinuier aiitl Brodhtin. The Hrieeial 
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fimtiiKt »f tlii« iii?itrii[ii»’iit i.i« the ii|,iliritl ile%*ire fc^r 

viimiiig ilie two iiiiltw of liit* wn^eii ll'\ m i^liowri in 

Pi*. 128 . liilit frotii earli is r©fliiel«*«l liv two iiiirrorv nr 


hin luri* wui \ i I ' » 4 » •>»»» , I im- 

ri'fhu'tiiifi; Hiirfnct’H Iturkfii !•> hh will i>«‘ f<if;tll\ lufrnmlly 

rcdtH'tcd. Lighi t'llUM'giltg lr**Ul ll»<' fH' ta S f' ♦<! fWa jcufs, 

ihal. from (ho conlHo! |Hiit)(*n a! i!tr fun im ur and ihnf Irani 
the Hurrouiuling nron. 'rite lanuri I'anu'' rUHa-h taiin ihr left 
liand sidt' of 11* wliih' (lit* hiltei e^ (moi i!h* nrlo h.nui nlr l! a 
tel('H('op(‘ in jihieed tit 7’ and lanr»'d no iIh* asra i.i ihe 

t.wn ]irisniH, (he eeulrtd porttaK apiM-ai- iaieliirs m daikn fhtui 
(lie Hurrmmdings aeeording a'-* ihe dhiouitaii><is .a jIh- 1< !! ar iht* 
righl-luuid Hide of II* is mar!* tail ilu « nsna field appears 

unirorndy ilhuninated wlieu tr l»jdan«-e v-. im d 

A eonvtMiiiMit form ttf hnlHirntory jm’fHusieio v *-iir m uiufh tt 
Hlligle Hoekel, (o receive in Hiieet‘H?^ian fhi- itukisnuo ;M>d laitdaitl 
laiupH, is mounted at ti lixed jUsttim-e fmm ihr • nyijeu i- an |.n\. 
On tlu'otlu'r side in a mtivtdde sm'kei caisi amine, a niali iv \olt 


lamp for eomptirison purposr.H. 'Hie di'Hfanrr n! flm lamp ham 
the Hcreeii in read hy tut imle\ regisirnni? nu a h\ed i air. A 
hIow motion device in alno prnvided. The ptm i s , i nu- ilieii 
in \)lueing the unknown lump in (he tivnl Hm kri and nl.immm!; 
a balance liy moving the compariHun himp («» ai Siam fhr ••enam 
until the. line of demarkation between the aufm ttud umind post 
tioUM of the ileld of (lie telescope diHupjM-jus. khr lamp is (hen 
replaced hy the Hlandard lutil a Itnlnnee again obfamnl. ‘Hh* 
Hcreen Hhould he revernetl and retiduigh taken sn em it posthun 
and averaged to (‘liminnte dilTereiteen in hdlniinn p«»wri of die 
two nideH. 'riu' erpuition for etunputmg the shrngSh of tla* 
luikiiown lamp may he derived hh btllowH; 

Let iS, f/, and C Ite the eiuulle powen^ of tlie .siunditnl, the 
unknown, and eompariwm InmpH, i(‘HjM'etively ; let d. nnd»/,.. !<e the 
diatancea of the. compariHon lamp from tite sriem when b.nhmeed 




186. Experiment 40. Study of Incandescent La 77 ips— The 
purpose of this experiment is to determine, as a function of the 
voltage upon which they are operated, the candlepower, wattage 
consumption, watts per candlepower, and resistance of four 
lamps differing as widely as possible in design. Each lamp, 
including the comparison lamp, should be provided with a 
voltmeter and a control rheostat. An ammeter should he placed 
in series with the unknown. Use five different voltages between 
90 and 130. Do not operate the lamps at the higher voltages 
longer than is necessary for making the observations. The 
standard lamp should be operated only at the voltage for which it 
is rated. Make several settings for each observation using the 
screen in both the direct and reversed positions. 

Report. — Describe the Lummer-Brodhun photometer and plot 
the four curves indicated for each lamp. Why does a tungsten 
lamp reach full brilliancy more quickly after closing the switch 
than a carbon? Why does the gas-filled lamp have a higher 
efficiency than a vacuum lamp? 

THE OPTICAL PYROMETERS ' 

186. General Principles. — It is a matter of common experience 
that when a body is heated to a high temperature it emits light 
and also that the intensity of this emitted radiation varies 
rapidly with the temperature of the source. For example, a small 
change in the voltage across an incandescent lamp produces a 
relatively large change in the brightness of the filament. Meas- 
urements show that a body at 1,500° C. emits more than one 
hundred times as much as it does at 1,000° C., and if the tempera- 
ture is raised to 2,000° C., the radiation is increased more than two 
thousand fold. This fact is often made use of in the measure- 
ment of temperatures, and pyrometers operating on this principle 
have the marked advantage that it is not necessary to heat any 
part of the measuring apparatus to the temperature of the body 
being studied. This is particularly important for work above 
1,600° C., for there is no substance which retains its temperature 
measuring properties uniform when subjected to such extreme 
heats. Again, the products of combustion in furnaces contami- 

j. ^ ^4-^^ ’inf.mrlnpArl f.Vms DfinftSSltS/tinff 


Aiiv, zaei/noa oi measuring temperatures, however, is 

coinplieated by the fact that incandescent bodies differ materially 
an regards both the intensity and quality of the light which they 
emit. For example, the radiation from iron or carbon is much 
greater than that from such substances as magnesia or polished 
platinum at the same temperature. If a pyrometer were cali- 
brated by measuring the radiation from one substance and then 
UHod to measure the temperature of another possessing different 
radiating properties large errors would result in many cases. 

"riiis difference in radiating properties has led to the use of 
“black bodies’’ as standard radiators and absorbers. A black 
body is defined as one which absorbs all the radiation falling upon 
it, and it therefore neither reflects nor transmits any radiation. 
It also has the property, when heated, of emitting radiation whose 
intensity is a function of temperature only and depends in no 
way upon the physical constants of the material of which it is 
made. Further, the intensity of the radiation from a black body 
at a given temperature is greater than that from any other body 
at the same temperature. 

187. Black Body Furnace. — Experimentally, a black body is 
very closely approximated by a hollow opaque inclosure with a 
small opening. If the internal area of the inclosure is large 
compared to the opening, radiation falling upon it enters the 
ineloHuro and is reflected diffusely back and forth so many times, 
that it is practically all absorbed before any can emerge. Again, 
if the walls are heated uniformly to any temperature, the 
radiation emerging from the opening has been reflected back and 
forth so many times that it no longer has properties characteristic 
of the material of the walls. Such a body is at the same time a 
perfect absorber and a perfect emitter. The radiation from 
a crack or other small opening in an ordinary furnace is nearly 
black body radiation, so also is that from the inside of a narrow 
wedge formed by folding a thin metallic ribbon into a very flat V. 

A black body, satisfactory for experimental purposes, is made 
by winding a porcelain tube with thin platinum foil through 
which a heating current may be passed. The center of the tube 
is closed by a porcelain disk and between this and the end, 
through which observations are made, is arranged a series of dia- 



tions which^ the radiation must make before it emerges. To 
protect the internal tube from external disturbances and reduce 
the heat losses to a minimum, it is surrounded by another tul>e 
upon which is wound a second heating coil of some alloy such as 
nichrome or therlo. Outside of this is a series of several addi- 
tional tubes with air spaces between them, the outer one usually 
being surrounded by powdered magnesia. By properly adjust- 
ing the heating currents through the two coils, any desired 
temperature up to 1,600° C. may be maintained with a high 
degree of constancy. The temperature of the black body is usually 
measured by a platinum, platinum-rhodium thermocouple, the 
junction of which is supported by two small holes through the 
central disk, with the insulated leads passing out through 
the rear of the furnace. 

188. Distribution of Energy in the Spectrum. — If one measures 
the total energy emitted by a black body, he finds that it increases 
rapidly as the temperature is raised. The law connecting black 
body radiation with temperature was first stated by Stefan and 
later deduced theoretically by Boltzmann. It is 

E = ST^ (6) 

where E is the total energy radiated, T the absolute temperature, 
and >S, a constant which is approximately 6.6 X 10"^ ergs per 
square centimeter per second. Although this law is rigidly true 
only for a black body it is found to hold approximately for most 
surfaces, the constant S being different for each. 

If the radiation from a black body is separated out into a 
spectrum and the energy associated with each wave length is 
measured, it is found that not only is there a continuous change 
in the amount of energy as we go from one wave length to another, 
but also that the distribution of energy among the wave lengths 
changes as we vary the temperature. Figure 129 gives the dis- 
tribution of energy among the wave lengths for a series of 
temperatures. It will be noted that as the temperature is raised, 
the energy in each wave length increases but not in the same 
proportion. Also that the wave length containing the maximum 
energy decreases as the temperature is raised. This is in accord 

- - - -1 I* i.l X -.rr-i+K l/^TTr — 
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maxi = const. (7) 

He has also shown that the distribution of the energy arnong the 
wave lengths at a given temperature, as illustrated by Fig. 129, 
follows very closely the law 

\T ( 8 ) 



Fig. 129. — Energy distribution for a black body. 

where E), is the energy in the wave length interval X to X 4- dX; 
e is the base of the Naperian logarithms; T the absolute tem- 
perature, and Cl and C 2 are constants. Foi’ other radiating 
surfaces, it is found that follows very closely the above law 
luit different constants must be used. 

189. Application to Pyrometry.— It is obvious that any of the 
three equations just given might be used to measure tem- 
peratures. It is found, however, that eq. (8) is most suitable, and 
when it is applied, only one wave length is used, or at least only 
those lying within a very restricted range. This equation lend.' 
itself more easily to calculation if it is put in the form : 


Lt‘i /'.'i juitl K-i h<‘ lli(* for u paii’l.icuilar wave longtii radi- 

III (ill* ui'(‘s 7'i and tH'sjxadivoly. Sul)stitiitmg 

I1h's<‘ \'alii(‘,s ill (>((. {[)) and snldraciin^, \v(', have 





( 10 ) 


If T .. is n sininlard liauiK'ral iin' and 7'i an unknown, then by 
luenstiring A'l and oi' ilu'ir radio, l)y n|)])roi)riato moans, T'l 
may lx* <’oiii|ail<al. SolvitiM; (‘(p (10) for and using common 
logurilluus, 
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190. The Optical Pyrometer. One of tin' most oonvonient 
forum of (ho oplifal pyHiimder is tluit devised by Ilolborn and 



{•'iti. l-in. Il.lliiiouuul Kiirlhiuini optb'iil iiyrmniai'i’. 


Kui'lbiuuu. It i’ouHists of a leb'scopc' in the. focal plane of wbicb 
in uu'Uuti'd u small six volt lamp with ('itlun* a (au‘l)on or tungsten 
liluuH'ut , as .slnnvu in I' ig. IIIO. When (lu^ l('lesta>p(' is focused 
on tlu' f\U'nai’c and the liluun'ut is lighted, tliere is S(*eu, ou looking 
into it, u iieltl of uniftntu ilUimituitioii with u fine Ihu^ extending 
neross it. If the filament is hotter than the funiaee, it appears 
jiH H lu'ight line aero>s a dark haekground’, hut' if the funuic.c is 
holf(‘r, lhei«‘ is H‘(«n a dark line across a bright background. If 
hlnment ami fmnma* an' at the same temperature, the line disap- 
IHMii-H nml the fiehl is \miform througluiut. The eye is very 
wiisilivi* to dilTenmeesof hrighineHsaiul adifferenee of two degices 
1 ^ S’ ... _ .... .1 tii.a rl r't o.c*t,o(l. C Airrcnti 


the filament currents for balance obtained, a calibration curve 
may be plotted showing temperature as a function of current. 

A number of improvements in the original form of the Holborn- 
Kurlbaum pyrometer have been made by Mendenhall. ^ One of 
them is a method by which such an instrument may be cahbrated 
over a wide range using only one standard temperature. This is 
accomplished by holding the temperature of the furnace constant 
and rotating between it and the pyrometer a sectored disk which 
allows only a known fraction of the energy to enter the telescope. 
This is equivalent to reducing the temperature of the furnace. 
Suppose the fraction of the energy transmitted is R. Then Et 
— RE 2 . Substituting this value in eq. (11), we have, for the 
apparent temperature of the furnace, 

T, = I (12) 

+ 2.303 log, 

By using a series of sectors, for example with R equal to 1 ^^, 
etc., a series of apparent temperatures are obtained, and the 
filament temperatures corresponding to each may be determined. 
This gives a calibration for the instrument for ranges below the 
standard temperature actually maintained in the furnace. The 
necessary narrow wave length band is secured by mounting 
behind the eyepiece a disk of red glass of special quality. The 
instrument also may be used to measure temperatures above 
that of the standard by using the sectored disk when taking 
observations on the unknown temperature, thus reducing it to an 
apparent lower temperature within the calibration range just 
determined. For example, if an unknown temperature is 
observed through a sector of transmission ratio R and is found to 
be the same as the standard temperature T 2 then the unknown 
temperature is obtained from eq. (11) by putting Ez = REi which 
gives 

T =.1^ 1 (13) 

^ X Ca "T 2.303 logiof? 

xfl 

In a similar manner a calibration curve may be computed for a 
given sector extending the range of the instrument to any desired 


Ill I."*' .iwn. w, V wi I u.'sjMuuuijfi, M) i»u- 

l.irtilni- currc'iif n‘a<l oiT from (luMtrijjiinal {‘iilibratioii (uirvo. Thown 
comjiult'il valut's ti| T\ plollcd ajj^ainHt the corrcspoudin^ values 
of (ilami'id rurnad Rive tlu‘ fulibralioii ciirvo for the instrumoiit. 
when usi’d with llu* .sct'lors to iix'aHuro unknown tcanjau-aturos. 

It nlundd lu* bortu* in mind tluil tlur Wii'u radiation law U})on 
wliieli llii« niethotl is buNcd Imlds only for black body radiation, 
nn«l that the mi'!lio«l of calibration jusl dcsci'ilxMl inak('s nso of a 
black boily as a source <if radiutioi\. If it shonld bo usinl to 
jlctcrminc the tcinpcrnturc i>f hoiiio oilier body micb as a hout<'d 
(ilnimnit or nlrip of metal not within an tandoHuro, its indications 
will Ui' llu' Icinperature t>f a hlnck body which would cinii the 
Hamc niutninl of oniMgy at llu* jmrticulnr wave lenj^tli used in tlic 
calibration. Since no other body cniils more energy at any 
wave length than a black luulv at the Haine temperature, and 
most substances emit less than a black body, the reatling of the 
oplicid pyroiiu'ler will, in general, be too low. 'Tim reading 
obtained m cnlletl the "black laaly temperature.” Mendonluill 
lual I'orMythe’ have made an extendt'd study of tlm diffoi’enees 
tielween the "black body” and "true” temiicraiurt'B of a great 
many milwtam’efi with the nwilt that the optical pyrometer 
may now he very giuicrnlly u«al to debwmine actual tempera- 
turcH. A few tif their valuer for carbon and tnngHten are given 
below 
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Fig. 130. Ascertain the lieniing curnMil.s (o ho usoh llirouglt llu' 
two windings of the furnace and lake care (hid I hoy a,ro nov(‘r 
exceeded, particularly through tin* iunor plnliiimu winding. 
Find out, also, tlie inaxinuun (Uirront allo\valih> for (ho (ilniuont 
of the pyvoinet.er lamp l'’ill (lio voswd (•(inlaining (lu' cold 
jiuictioii of the (.Iiernuxuniph' wi(h era.ok(‘d io(* (o nuiinlnin i( at 
0° (h Measure (he F.M.I'h of (ho Ihonnooouplo witli a low ro.sis- 
tance poteutiomehu*, Hpocial ins(ruc(ions for wliich an* given in 
chai). IV. A calibration (uirvt* is furniHliod with I la* lliornio- 
couple. Focus the oyepioeo. of tlu' (t‘loHoop(> on Iho huup (ila- 
meut and as wkui a tlie furnact* i.*-^ warm enough to ponuit 
it, focus th(i teloHCope so that ilio imior oirolo of tlu' furnaot* is 
distinctly seen As the furnace hoats up, d('(onnint* its (<‘ni- 
perature with the thorinocouj)le and hulanco (lie pyroinotor t'v<‘ry 
few minutes. 

Wlicn a teiupcmture of 1,200® ( '. has hc(*n nnirhetl, reduce* the 
heating current througli l>oth windings am! allow the tejupernturo 
to vise slowly to about 1,300® ( '. and then hold the furnuee con- 
stant at this value. When luilding the (omporature const un(, it 
is best to leave the potontiometor setting fixed and keep Iho 
galvanometer balanced by adjusting the heating <‘urront rlioostni. 
When a steady state has lieon secured, juake wvoral sot tings of 
the pyrometer. Then introduce the ' ^ soottir and with the motor 
running, again make several settingHon thisapiiaront tomporuturt'. 
Repeat, using the I to, ' iio. ' (H), nnd ' | an soetor.s. ( ’hock tlu^ 
settings with no sector between ('uch roplacomont to insure oim- 
stancy of conditions. Two ohsorvors are rc*{iuin*d for this 
experiment, one to manipulate the pyrometer, ami one to iiuld 
the furnace temperature constant. Measure tlu^ temperalurt^ 
of the filaments of several incandescent liunps of difTtu-ent typt's 
and candle power using such aseelor tliai the current through the 
pyrometer lamp lies witliin the range eovereil by the eivlibrntitm. 

Report.— Compute the effective tempemtureH beU»w the Htaml- 
ard temperature secured l)y the various sectors by use of jnp C 12), 
Use for ca the value 14,350 and for the wave* length O.tlfiH. 
The standard temperature is that in degrees absolute at whieh 
the furnace was held constant and is obtained from the cidil»ni- 
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caUlinitiuii fUi'M's lur valut's ahovo lliai of fho furnaoo for 
iho ' 10 . .’.so. '’'lol ’ 1 doctors, hy usi' of (mi, Ilf, To do this, 
I'i’ad I he lirsl cnrx'i' ilu' xailiios ol T for a s('ri(is of values of 

lilaiufiit ouriviit:-. Sulislilulc (hose vahu's of 7'.. in eci. 18 using 
for /»’ the ap|iiuiirialo ratio. 'I'lu'se values of T, when plotted 
agaiir-8 the eiiiToiil.-. give (la* eulihraliuii curve for a given 
sin'tor lor (ho liigh lango. 

Ho.'ol from tlioM' ourvos (lie black body temperaturos of the 
lanipa ouao.ttrod ami by uso of (ho tables giv('n above, detenuine 
(heir truo ioiuporatttro:4 in dogret'.s eenligradc'. 

If (ho (oinjtoral uro of tho sun is about. (),()()()“( k, find the size 
tif •..ootui opomuu. nooosr,ury to measure it on tlu' instrument used. 
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CALCULATION OF INDUCTANCE AND C'APAtTTANCE 
In (h'sijyfJiillK e‘l«'f’! lira! appuiufu autl «n • link nij' fhc n- uii^ 

liritlgt' nH'UHun'miMil.'i il aih anf .•h.'i mu .li ifniunr ilu' 

iiuhn’(aii(*(' (if (Mila liy i‘a!rulaf i»»ii hmu ilirn ,\uut it Mini 

tiiunliiM' (tf (iirtiH. In cdniii't-rKut «iih ti u«ak m i- ral-h |,n,^ 

primupy nnila nf indurtalH**-, fin- I suh-d S!:*Si- • l*.in» ;ui .<! Sfainl 
unis iinult* an cNlmuaiivc ‘4u«ii, ni iln- iMjiaiiLr !».! i!,j- |iiuj,UHn, 
and, hcHidcs cxtcnflinK iu Md.’»l<lf .if ih.- d*--. i lniii-il h 
mimlu'r of urw mii'a. A runjj»irhi-jr !4 »• » mU.-, Jnai »ti Uidut luncc 
fm'innlas, l(i^('liu'r with nunst i m ni i xMiujil. ? ju {j„, 

HtiUctin nf llic Huri*ati Sininkud v<-l s. {‘M.*, jij. { i.t ’jaT, 
TIuh pultlirat ion ia known uk'o n* .“*•» s* u? Cain-t 1119. In 
anotlu'r pultlicalion, "Il!nfa» Ijs-linim jiS and '* 

(‘iratilar 74| llirrc in ^ivrn n ■•.fUr-- «4 -uui'lifn*! hnnoikri wlui'h 
yi(‘ld I'c'snlls accnrnfr to onr fmih .<! t.nr |.i i « . m 

'riirt'o foi'imilaw. lakcn frtau t in-nlai 74 , U O' y ! »■ It I >«• || «4«. , 1 lu’V 
H(>ply to the roiU iiio»4 rommujih soa-!! lii *■;, d.ti fnarinn' 
IinfltCtllH and Otht-r dtSafiS'-slMOH iur sa, • « |il um-fro' 

and tin* iiuiininnco ralt-iilitlrd a* m ou. ? ..linai. i in,- 

iu’nrv Itk' inillihi'iirirH - liP n4i< ■; lu* i i; > 

«'l<H'ti‘oumKHcti«’ iiiutH. {i v^ H.«^*>8nur.i ihas ilu- ...jl s-. j.la*'*'*! ui 
air nr otlinr nuniinni wIjoki* iM-sinrnl.iIji i i>. ntot’. ih;»s n«, 

iron iw in tin* virinity. 

/. Sinfiit; Lttiftr (‘ttii nr Snlmnul \ / oiun.lo 

h Il 3 j 4 

wlicrn n -■ rtuinlM*r of liirns oj nul 

tl nidillH Ilf ! 1 \ 1 S 5 O* r«*si 0 .s ,A 


Dianiptor 

Length 


K 1 

1 Differ- | 

Diameter 
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Length 



Diameter 

Length 


1.0000 -0.0209 S 

.9791 203 1 

.9688 197 i 

.9391 190 : 

,9201 18.6 : 

0.9010 -0.0178 
.8838 173 

.8605 167 

.8499 162 

.8337 156 

0.8181 -0.0150 
.8031 146 

.7885 140 

.7745 130 

,7609 131 

I 

0.7478 -0.0127 
.7361 123 

.7228 118 

.7110 115 

.6095 111 

0.6884 -0.0107 
.6777 104 

.6073 100 

. 6,673 98 

.6475 94 

0.0381 -0.0091 
.0290 80 

,0201 86 

.6116 84 

. 6031 81 

0.6950 -0.0079 
.6871 76' 

. 5796 74 

, 6721 72 

, 5649 70 

0.6579 -0.0068 
. 5611 67 

. 5444 65 

.5379 63 
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IV. Coil of Round Wire Wound in a Chatinrl of Htrltumiitoi' 
CroHS-sGCiion. If tlio inHuIat-ion in not, too thirk, (’((h. (H) and (1) 
give a very cIoho approximation for (he cuh* in wliieh (irdinnry 
round wire ih lined. When (he peremdage of the eroHH-ntuUion 
oeciipiod by the mBulating Hpaeo in large, tlu* fallowing eorrm’tiou 
must be added to thoHc formulas. 
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where D = distance, between centerH of adjacent wii'eH 
do = diameter of the bare wir(». 
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CALCULATION OF CAPACITANCE 

The following fonnulafi' may be used to calculate the eapai*- 
itance of condensers of the common forms. The dimensions of 
the condensers are measured in centimeters, and tlie eariacdtanee 
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is made for the curving of the electrostatic field at the edges of 
plates, etc., and it is assumed that the distance between plates is 
small compared to their linear dimensions. 

V. Parallel Plate Condenser 

C = 0.0885z|, (6) 

where S = surface area of one plate 
T = thickness of dielectric 

K = dielectric constant (K = 1 for air, and for most sub- 
stances, lies between 1 and 10). 

If, instead of a single pair of plates, there are N similar plates 
with dielectric between them alternate plates being connected 
in parallel, 

C = 0.088517 ^ ---^---^- (7) 

VI. Variable Condenser with Semi-circular Plates 

C = 0 ■ - ~ (8) 

where N = total number of plates 

ri = outside radius of the plates 
r 2 = inside radius of the plates 
T = thickness of dielectric 
K — dielectric constant 

This formula gives the maximum capacitance, i.e., when the 
movable plates are entirely within the spaces between the fixed 
plates. As the movable plates are rotated out, the capacitance 
decreases in direct proportion to the angle through which they 
are turned. 

VII. Isolated Disk of Negligible Thickness 

C = 0.354d (9) 

where d = diameter of the disk 

VIII. Isolated Sphere 
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where I'l ~ inner radius of outside sphere 
Tz = outer radius of inner sphere 
K = dielectric constant of material between spheres. 


X. Two Coaocial Cylinders 


C = 0.2416A-- - 
logio 


ri 


( 12 ) 


where I = length of each cylinder 

Ti = inner radius of outer cylinder 
rs = outer radius of inner cylinder 
K = dielectric constant of material between cylinders. 
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